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ABSTRACT
USE OF A ROLLING ROAD SYSTEM IN CROSSWIND
CONDITIONS
Mau-Kuo Chen
Old Dominion University, 2013
Director: Dr. Colin P. Britcher

Wind tunnel testing continues to play an important role in vehicle aerodynamic
development. Accurate results are strongly associated with whether the wind tunnel can
closely simulate the on-road conditions, including the Reynolds number and all boundary
conditions. Rolling road systems (or moving belts) have been a successful tool for many
auto makers and racing teams to simulate the relative motion between the stationary
vehicle model and the floor in the test section. The mechanism of the rolling road system
is simple, but how it affects the adjacent flow field and how this flow interacts with the
flow underneath the vehicle model are still topics for research. The flow analysis within
this gap may become more complicated if the crosswind conditions need to be simulated.
This research computationally and experimentally investigates the issue of simulation of
crosswind driving conditions in a conventional wind tunnel equipped with a rolling road.
A rolling road system designed and constructed specifically for this task was
installed in the ODU 3 by 4 foot low speed wind tunnel. Computational results were
calculated using Fluent™. Three different model/belt configurations (belt aligned with
the model, 5 degrees inboard of the model, and 5 degrees outboard) with model yaw
angles up to 15 degrees were studied using CFD and experimentally. For crosswind

simulation, a fixed (non-yawed) belt with the model yawed was studied in CFD as well.
Mass flow rate data from CFD was collected from four different planes under the model
and was compared in order to seek an optimum configuration(s). The results suggest that
the configuration with model and belt aligned with each other may be the proper choice
when conducting crosswind simulations. Excessive misalignment between the model and
the belt should be avoided.
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NOMENCLATURE

Inboard

The vehicle model yawed less away from the center line than the
belt.

Outboard

The vehicle model yawed further away from the center line than
the belt.

Aligned

The vehicle model yaw angle is the same as the belt yaw angle.

Fixed belt

The belt is fixed and aligned with the test section while the model
is yawed

Power law profile

The crosswind has a power law velocity profile. When seeing in
the plots, it represents correct simulation with twisted flow profile.

Uniform profile

The crosswind has a uniform velocity profile. When seeing in the
plots, it represents correct simulation with uniform flow profile.

WT

Wind tunnel sized computational domain.

LWT

10% larger wind tunnel size computational domain.

y+

Dimensionless wall distance.

y

Distance between the surface and first grid point.

p

Viscosity.

p

Density.

tw

Wall shear stress.
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1. INTRODUCTION
1.1 Overview
Aerodynamic development of road vehicles relies heavily on experimental measurements
in wind tunnels. Proper simulation of the underbody flow (between the vehicle and the
ground) has been a longstanding challenge. Various ground simulation techniques have
been developed for vehicle aerodynamics with different degrees of success. The basic
objectives of ground simulation are to remove the boundary layer built up on the wind
tunnel floor (ground plane) in the test section of the wind tunnel and then to properly
represent the relative velocity between the ground surface and the test vehicle.
On the road, the vehicle is moving forward (assuming a zero wind condition) relative to
both road surface and surrounding air; if one sits inside the vehicle, objects are observed
passing backwards (including air particles). In the wind tunnel, in order to simulate the
relative movement between the moving vehicle and stationary air particles in the road
condition, the vehicle model is normally fixed in the test section and the wind is
generated from upstream and blown toward the vehicle model. From a physical point of
view, the relative movement between the vehicle and the air in the road condition should
translate exactly into the wind tunnel condition. However, the relative movement
simulated in the wind tunnel is not completely the same as free air; the air flow in the
wind tunnel is restricted in the test section, which creates boundary layers on the test
section floor and any other walls of the test section. The floor boundary layer is the main
focus of this work; the other test section boundaries give rise to blockage issues.

A boundary layer is a thin viscous layer generated on a solid surface when fluid flow is
present. The vehicle boundary layers are easily simulated in the wind tunnel when the
upstream air impinges the surfaces of the fixed vehicle model provided the Reynolds
number is approximately correct. However, in the wind tunnel, the boundary layer is not
only generated on the surfaces of the vehicle model but is also generated on the floor of
the test section. This boundary layer is not a serious issue if the vehicle model is mounted
somewhat away from the floor but if this were done, the simulation will not mimic the
real road condition because many vehicles operate with small ground clearances. In wind
tunnels, the boundary layer could range from a few millimeters to a few centimeters in
height depending on several factors such as where it is being measured, the wind
velocity, the flow properties, and the roughness of the surface. Therefore, if the ground
clearance of the model is small (for a sedan model, the ground clearance is around 3% to
5% of the overall length), the boundary layer generated from the floor could interfere
with the boundary layer generated from the lower surfaces of the model. In order to better
simulate road conditions, the floor boundary layer should be removed or at least
minimized in order to approach free air conditions. Pressure gradients around the vehicle
induce local velocity variations such that boundary layer flows develop on the road
surface in on-road conditions; in order to properly represent these in the wind tunnel, the
road surface can be translated at the same speed as the wind tunnel airflow itself. This is
the so-called “rolling road” simulation technique. So, it appears possible to simulate the
conditions where the vehicle drives straight into stationary air (no cross wind) on the road
in the wind tunnel, using the appropriate ground simulation techniques. However, it will

be shown that if the vehicle experiences crosswind on the road, the wind tunnel
simulation will be more complicated.
In the real world, atmospheric conditions vary all the time. The most likely condition that
may be experienced in everyday driving on the road is some level of ambient wind. The
wind could come from different directions; it could be parallel or perpendicular to the
driving direction, or it could come from an angle relative to the vehicle’s heading. If there
is no wind on the road, simulation of this condition in the wind tunnel is relatively
straightforward; the only concern is that the floor boundary layer would need to be
removed and the relative velocity between vehicle and road surface represented by the
rolling road. With a wind blowing parallel to the driving direction on the road, the
experiment setup is not fundamentally different from the zero wind condition; the only
difference is that the resultant floor boundary layer profiles will be different depending
on the relative speed between the wind and the vehicle. This road condition complicates
the resultant boundary layer profiles (artificially generated in the wind tunnel) and
consequently makes the experimental results more difficult to compare to the road test; in
other words, the ground boundary layer profile we would like to see in the wind tunnel is
difficult to reproduce. It should be noted that architectural aerodynamic tests (see Fig. 1
and 2) face the same issue and methods to generate representative atmospheric boundary
layer profiles have been developed computationally and experimentally [1], [2], [3], [4].
The simulation challenge becomes even greater when crosswind is involved.
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Fig. 1. Wind tunnel test for a bridge [2].

Fig. 2. Wind tunnel test for buildings [3].

Crosswind conditions arise where the ambient wind is blowing in a direction at an angle
with respect to the vehicle’s direction of travel. Crosswind can have serious impacts on
safety as well as vehicle stability and handling. Large vehicles, like buses and trucks, are

more sensitive to the crosswind due to their larger, taller, and less-streamlined designs.
When experiencing high speed or severely gusty crosswind, these types o f vehicles could
overturn and cause safety issues on the road. Smaller vehicles, such as sedans, minivans,
and SUVs, are generally less sensitive to crosswinds due to their lower profile and more
streamlined shape. However, if the crosswind condition is severe, even small vehicles
could have stability issues, such as loss of comfort or control.

1.2 Statement of Problem
The focus of this research is to investigate the challenge of simulating crosswind
conditions in wind tunnel testing with a rolling road system. This is of interest to
automotive and truck aerodynamic development, but has received relatively little
attention due to the limitations of simulation in existing facilities.
When there is no wind on the road, the relative motion between the moving vehicle and
stationary ground is relatively easy to convert into a wind tunnel experiment. The major
challenges are to simulate the turbulence properties (turbulence intensity, turbulence
length scale) that represent the road condition and to remove or minimize the floor
boundary layer.
However, when wind is present on the road, the resultant inflow velocity profile becomes
difficult for conventional wind tunnels to reproduce. Fig. 3 shows a vehicle driving on the
road in zero wind condition, Fig. 4 shows how to derive the relative velocity vector
schematically, and Fig. 5 shows the resultant velocity vector that the vehicle model sees;
this also represents the wind tunnel condition.

Fig. 3. Vehicle driving on the road (assuming zero wind condition).

-H
Moving direction

! Pertuibation Velocity
Velocity relative to the vehicle

Fig. 4. Transformation for relative velocity (blue arrows).
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Fig. 5. Resultant velocity vectors seen by a stationary vehicle model (side view).

When wind is blowing in the direction of travel, the inflow velocity profile required to
simulate the road condition will become more complicated but the derivation of the flow
profile is fundamentally the same. In crosswind conditions on the road, the vehicle’s
velocity vector and the crosswind velocity vector are not parallel. Using a similar
technique used for deriving flow profiles in zero wind condition, the flow profile for use
in crosswind simulation can be derived. In order to visually understand how to compose
the resultant velocity magnitude and profile for crosswind simulation in the wind tunnel,
the moving vehicle and crosswind are treated separately at the beginning, and then
combined later on.
First, let us look at vehicle velocity. In Fig. 6, we can see the wind coming from upstream
and passing the stationary vehicle model along the model axial direction, which is
analogous to the road condition where the vehicle drives straight into stationary air. Fig. 6
shows the same flow profile that we see in Figure 5. For the crosswind profile, let us
assume it is perpendicular to the moving vehicle (90 degree side wind) with arbitrary

magnitude for now. The crosswind that a vehicle sees should be similar to Fig. 7. We can
see the profile is not uniform; its velocity varies with height, which resembles the profile
of boundary layer (power law or logarithmic profile). In fact, Fig. 7 represents the
atmospheric boundary layer in crosswind and it is the key property we would like to see
in the wind tunnel experiment as well as computational simulation.

Fig. 6. Incoming flow seen by a vehicle model in the wind tunnel (flow is parallel to the
test section).
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Fig. 7. Crosswind seen by a stationary vehicle (arbitrary magnitude).

On the road, a moving vehicle has two velocity components seen by a stationary view
point in a crosswind condition (see Fig. 8, green arrow represents crosswind velocity, and
blue arrow represents vehicle speed). In order to apply this result in the wind tunnel, the
opposite direction of vehicle speed but the same magnitude should be used (see Fig. 9).
In Fig. 9, the relative motion between the fixed vehicle model and upstream wind in the
wind tunnel is correctly demonstrated, but usually the model is rotated so that the
upstream wind (red arrow) is aligned with the wind tunnel axis. Therefore, after making
the upstream flow aligned with the test section, we now have completed the most
common setup for crosswind testing in a wind tunnel (see Fig. 10).

Fig. 8. Velocity vectors seen from outside of the vehicle.

Fig. 9. The resultant velocity (red arrow) a model sees in the wind tunnel.
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Fig. 10. Common crosswind setup in the wind tunnel (red arrow represents upstream
wind).

From Figs. 8 and 10, we can see a simple relation between the vehicle model and
upstream wind, and this simple concept is typically used to setup a wind tunnel test for
crosswind simulation. However, because the crosswind profile is not uniform, a simple
combination of the vehicle velocity vector and the crosswind vector is not sufficient.
Since the crosswind velocity profile resembles a boundary layer due to zero slip
condition on the road, a twisted (or skewed) wind profile shown in Fig. 11 is generated
and is the profile that we should try to generate in the wind tunnel for simulation of
crosswind conditions.

Fig. 11. Twisted flow profile (red arrows) seen from different angles.

The challenge now is that the most conventional wind tunnels for ground vehicle testing
do not have the facility to produce twisted inflow. Not only has the reproduction o f the
twisted flow yet to be thoroughly taken into account, but the integration of the ground
simulation with respect to different vehicle yaw angles in the wind tunnel has not drawn
much attention regarding accuracy of the measurement.

1.3 Objective
The objective of this research was to explore wind tunnel configurations that can provide
superior simulation for crosswind conditions. A rolling road system was used with its
yaw position with respect to the model yaw and its speed with respect to the tunnel speed
(key factors for this research). Computational simulations (CFD) were also used to
simulate the same crosswind conditions.

Experimental drag and lift coefficients will be compared with the computational results.
Due to higher degrees of freedom in computational simulation, other flow properties
(such as mass flow rate, individual transverse and axial velocity components under the
model) which we cannot easily measure in the experiment will be collected and used to
help evaluate the flow field and find out the better configuration(s) for crosswind test. In
addition, different boundary conditions will be prescribed on the velocity inlet(s) and
pressure outlet(s) in the computational models in order to generate the optimum
crosswind simulation in the computational domain.
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2. LITERATURE REVIEW
2.1 Overview
For vehicle aerodynamic testing, accurate results which represent a vehicle running in
road conditions are very important. The most popular way to conduct vehicle
aerodynamic tests is to use a wind tunnel. In order to have accurate measurements in the
wind tunnel, the conditions in the wind tunnel should be as close to the road conditions as
possible. A wind tunnel test for a given vehicle is basically transforming the relative
motion between the vehicle and its surroundings (namely road and air) on the road into
the wind tunnel’s test section. From a physics point o f view, it is not difficult to
understand and complete the transformation. However, there are differences between
these two conditions. One of the distinctive differences is that the road condition is
typically free air (i.e. no boundary constraints for the air, see Fig. 12); whereas the air in
the wind tunnel is running between boundary walls (see Fig. 13).

Fig. 12. Vehicle running on the road (free air).

Fig. 13. Truck in a wind tunnel [5].

The flow restriction in the test section can be reduced by making the test section as large
as possible (Fig. 14), removing the side walls and top wall (open-jet, Fig. 15), or having
an adaptive test section [6]. These methods can alleviate the boundary constraint and/or
improve the blockage ratio. However, even if the boundary problem can be resolved, the
relative motion between the vehicle and its surrounding is not yet completely simulated;
the relative motion between the vehicle and the road should also be considered.
The road is the surface a running vehicle is in contact with, and the ground clearance
between the two is normally less than 10% of the vehicle length (for sedans, SUVs, and
mini vans); therefore boundary layer development and interaction within this small gap
deserves close attention. The relative motion between the bottom of the vehicle and the
road is relatively harder to simulate, the main reason is that the air within this gap
experiences pressure gradients and hence velocity variations (according to Bernoulli’s
equation). If the floor is fixed, the vehicle model sees the floor not moving relative to its
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fixed position in the test section; therefore the simulation is not representative of the road
condition.

Fig. 14. Model in BMW wind tunnel [7].

Fig. 15. Model in FKFS wind tunnel [8].
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2.2 Ground Simulation
A boundary layer builds up at the surface of a fixed floor in the wind tunnel, and could
interfere with the boundary layer growth from the bottom of the model during the test if
the gap in between them is too small. This boundary layer development on the road
surface will not be seen by the moving vehicle on the road (at least in a zero wind
condition); therefore, it should not be seen by the vehicle model in the wind tunnel test.
In order to remove the boundary layer development (or control the boundary layer
growth) at the surface of the floor, several techniques have been developed since early
1980's; and a general term, “ground simulation”, was given to these techniques. Some
popular ground simulation techniques can be found in [6], [9]; among them, the most
widely and successfully implemented in the past couple of decades is the rolling road
system (moving belt).
The rolling road system is a device that consists of a seamless belt (metal or some sort of
low elasticity material) where its tangential speed can match the vehicle speed (see Fig. 16
and 17). By using the rolling road system, the floor boundary layer development can be
sufficiently suppressed. Also, some form of boundary layer removal is often incorporated
just ahead of the leading edge of the belt. Two common designs for rolling road system
are a wide belt and narrow (between-the-wheels) belt. Wide belt designs usually run a
belt which is longer and wider than the vehicle model, hence the whole bottom surface of
the model will be sufficiently covered by the ground simulation system (see Fig. 18).
BMW [10], Lola Car International [11], and Swift Engineering Inc. [12] are all using this
design. On the other hand, narrow belt designs run a single narrow belt under the vehicle
model (between the tracks, see Fig. 19) with length longer than the model. FKFS [13],

AUDI [14], Volvo [15], and Pininfarina [16] have narrower belt design in their wind
tunnels. Both designs have their own weaknesses, but can be optimized to reduce
negative effects. For example, a narrow belt design cannot provide ground simulation in
front of the front wheel, so some wind tunnels install two small belts in front of the front
wheel to cover this area (see Fig. 20). As mentioned, some boundary layer control system
such as tangential blowing and suction could be used to assist the rolling road system to
achieve optimum flow simulation.

Fig. 16. Windshear’s rolling road system [17].

Fig. 17. ODU’s rolling road system.

Fig. 18. Wide belt design [18].

Fig. 19. Narrow belt design [19].

Fig. 20. T-shape belt in Pininfarina wind tunnel [20].

The rolling road system has been mainly used for "straight ahead" or nearly straight
ahead driving simulation since its inception, notably racing vehicles, where aerodynamic
yaw angles are typically very small in race conditions. The vehicle running straight into a
stationary atmosphere is an acceptable scenario for vehicle aerodynamic simulation and
many high performance vehicles have been developed under these conditions. However;
on the road, a vehicle would likely experience crosswind, but it seems that this kind of
test condition has been less emphasized in most wind tunnel work. The main reason for
that is probably linked to the vehicle velocity being generally much greater than the
crosswind. But as automotive development has reached a point where most of the auto
makers have difficulties making noticeable improvements to aerodynamic performance
(namely drag and lift coefficients), more accurate simulation has been sought for further
improvements.
One special case is worthy of note and was one of the initial inspirations for this work.
That is the case of heavy trucks, where road speeds are maintained at 55-75 mph for long
periods of time and aerodynamic losses dominate fuel consumption [21], [22], This case
shows the importance of aerodynamic performance on heavy trucks. In order to better
investigate the flow around the trucks, the conditions in the wind tunnel must be as close
to the on-road conditions as possible. A rolling road system is not only good for sedan or
minivan model simulation; it has also attracted attention for truck testing [23]. Another
inspiration for this research is the integration between the vehicle model and the rolling
road system. Normally, the rolling road is either aligned with the model or fixed in the
test section regardless of the model yaw. In the truck industry, the model is often tested in
a fixed rolling road (no yaw capability) wind tunnel for crosswind tests; as the need for
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the rolling road system has been emphasized in [23], its position related to the model yaw
is of our interest.
For a wind tunnel test, the most important thing is to reproduce the atmospheric condition
that a vehicle experiences, with crosswind one of the conditions that is often overlooked.
As mentioned above, although its magnitude is relatively smaller than the vehicle
velocity, ignoring the crosswind is no longer possible in automotive development as
designers now seek further improvement of aerodynamic performance in the light of
stricter environmental regulations. Properly simulating crosswind conditions in the wind
tunnel could result in more accurate measurement and better estimates of performance.
For any surface vehicle, such as cars, trains, and yachts, which run very close to the road,
or sea surface, the crosswind is the wind coming toward the vehicle at an angle relative to
its heading, when it is in motion. There are two components that need to be considered,
one is the moving vehicle, and the other is the crosswind. Due to the no-slip condition on
the road surface (or on the sea surface), there will be a thin shear layer developed some
distance from the surface; the distance may vary from a few centimeters to a couple
hundred meters depending on the surface roughness, ambient conditions, and other
surroundings, such as trees, buildings, and other vehicles (see Fig. 65 in Chapter 4).
Therefore, the component that represents the crosswind should have zero velocity at the
bottom and its velocity magnitude should vary with its height (the green arrows in Fig.
21). A steady component (uniform) representing vehicle velocity is show in blue. Now
these two components are merged and the sum of these two components is seen to have a
profile where not only the velocity magnitude varies with height but also the direction
(red arrows in Fig. 21).
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Fig. 21. Twisted profile (red arrows). Green arrows represent crosswind; blue arrows
represent vehicle velocity.

2.3 Twisted Flow Testing
This twisted flow has been recognized since the early 1980’s and extensively studied in
the 1990’s especially in relation to the development of yacht sails [24], [25], [26], [27].
Recognition of the twisted flow helped the wind engineers to develop a logarithmic
equation [24] in order to represent the crosswind profile, and also develop techniques in
the wind tunnel to generate twisted flow [25]. One technique, which has been utilized and
had satisfactory outcomes for yacht aerodynamic testing in recent years, is the twisting
vanes installed in the twist flow wind tunnels in the University of Auckland and YRUKiel (Yacht Research Unit Kiel) (see Fig. 22 and 23 ). From these two pictures, we can
see how the vanes direct the flow to different directions from bottom to top by means of
their twisted construction.
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Yacht Reseaich Vlm\

Fig. 22. Twisting vanes in the University o f Auckland [28]

Fig. 23. Twisting vanes in YRU-Kiel [29]

The installation of the twisting vanes can produce the twisted profile, but the simulation
is not yet completed, the velocity magnitude has to be varied with height as well. In order
to achieve that, a boundary layer development section before the test section is usually
used. This section is nothing but a long tunnel with boundary layer development devices
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to help the boundary layer grow on the floor to a desired thickness [25] before the
twisting vanes. Now with the developed boundary layer passing through the twisting
vanes, the ideal flow profile can be generated.
Twisted flow has also been noted by some authors in the automotive field [30], [31],
[32], but development aimed at generating twisted flow in automotive wind tunnels does
not seem to be as active as in yacht research, and the approach in automotive industries
seems to be a little different. Dynamic tests may be the most accurate method utilized to
reproduce the road condition. The vehicle model is driving through a crosswind which is
generated from blowers (see Fig. 24). The blower is similar to a wind tunnel; the wind is
generated by a fan and blown through a tunnel-like structure. The fan speed can be
adjusted so that the magnitude of the crosswind can be changed. The desired flow profile
coming out from the blower can also be achieved by using various boundary layer
manipulation methods (such as floor roughness, boundary-layer grids, etc.). In fact, the
dynamic test is in principle identical to the road condition; no relative motion needs to be
transformed like conventional wind tunnel tests, and the model can be either scaled or a
full size vehicle. Therefore, the results from the dynamic test are representative o f the
road conditions.
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Fig. 24. Dynamic test for crosswind conditions [33].

Despite its potential, the dynamic test method cannot reproduce the measurements that
traditional wind tunnels can provide. The two most important numbers that are widely
used to evaluate vehicle aerodynamic performance are drag and lift coefficients, and they
are difficult to obtain with adequate precision and repeatability from dynamic tests.
Therefore, in order to obtain these two numbers, engineers were forced to revert to the
traditional wind tunnel test configuration.
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2.4 Crosswind Simulation in Automotive Wind Tunnel
In addition to the dynamic test, some modifications in the wind tunnel for crosswind
testing were implemented elsewhere [30], [34], [35]. The basic concept for generating
crosswind in the traditional wind tunnel is to add an additional wind source in the main
flow; once the two wind sources merge together, the expected profile should be
produced. An additional wind source means another flow inlet in the wind tunnel; as
crosswind always hits the vehicle at an angle, this additional inlet was normally installed
on the side of the test section, and perpendicular to the main inlet for reasons of
convenience (see Fig. 25).

main flow
additional wind source

combined flow

Fig. 25. Dual inlet configuration.

The mixing of two separate flows seems to obey the idea shown in Fig. 21, but in reality,
it has been proved that even if the mixing process can produce the twisted profile, the
uniformity of this profile throughout the test region is poor [30]. Contemporary CFD
simulation also proved that uniform twisted flow produced from this configuration can
only exist in a limited area which it is not large enough to cover the whole model.
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Some modification has been done to improve the mixing quality. In Fig. 26, an additional
outlet or a porous wall is installed opposite to the crosswind inlet, and suction is provided
at the entrance of this outlet. The results from yacht research [25] showed that this
configuration cannot provide sufficiently uniform coverage of twisted flow either.

crosswind inlet

main flow inlet

main flow outlet

crosswind outlet

Fig. 26. Dual inlet-outlet configuration.

The configurations shown in Fig. 25 and 26 have limitations with respect to the
crosswind angle. The additional crosswind inlet is easy to install perpendicular to the
main inlet; and with this configuration, the calculation and flow analysis is easier and
simpler. However, in reality, crosswind comes from random angles on the road;
therefore, the fixed angle installation cannot provide the full flexibility of a variable yaw
angle setup. The crosswind outlet configuration in Fig. 26 can provide slightly better
results, but to setup for the crosswind outlet to draw the same amount of flow as the
crosswind inlet is very difficult, especially when the boundary layer is purposely
developed to simulate the crosswind profile. This is probably the reason why dual inlet or
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dual inlet-outlet configuration has not yet been adopted by the most of the wind tunnel
community.
Since the closed circuit configurations shown above (Fig. 25 and 26) did not have
convincing results, an alternative shown in Fig. 27 was designed. This design is similar to
an open jet test section, the bounded walls are removed to free up the mixing flow. The
result from this tunnel configuration was convincing [35]; it showed the mixing flow
provided sufficient coverage for the test. However the approach has not yet been widely
adopted.

crosswind inlet

<}
main flow inlet

I

open test section

Fig. 27. Dual inlet with open test section.

2.5 Limitations
The theoretically correct wind tunnel configuration for crosswind test is shown in Fig. 27,
but the application of it does not seem to be widely accepted in the automotive industry.
One of the main reasons is that most of wind tunnels were built quite long ago; even
though the recognition of twisted flow started in early 1980’s, it was not acknowledged
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by the engineers at that time when those wind tunnels were built. Therefore, to modify
the existing wind tunnel is not an easy task.
A shutter mechanism can be used in the crosswind inlet (or crosswind tunnel) to assist in
the generation of the crosswind [30], [34], [35]. The flow separation around the shutters
was a concern of those authors. The separated flow from the shutters meeting the main
flow may create uncontrollable problems for wind tunnel testing, especially when high
speed or gusty crosswind needs to be simulated.
As the motivation for changing the current single-tunnel configuration seems to be slim,
the other hope for generating the desired boundary layer profile is probably to use the
twisting vanes that have been widely used in yacht industries. However, the main concern
remains similar to the flow separation around the shutters. As the wind speed is normally
much higher for automobile tests than for the yacht tests, the separation problem may
become worse. By using twisting vanes, most of the wind tunnels will not require
installation of additional circuit components on the side of the test section in order to
generate the crosswind; technically, the only work that needs to be done is to install the
vanes right before the upstream flow enters the test section. However, as mentioned
above, if a twisted flow is generated in a regular test section (wall bounded), this flow
needs to be freed up as an open jet within a plenum chamber. The traditional wind tunnel
is designed to have the flow running parallel with the test section and have the test
section large enough so that the flow separation from the model will not impinge on the
walls, thereby causing disturbances in the main flow field. The twisting vanes’ main job
is to direct the flow into various directions (see Fig. 22 and 23), which means part o f the
flow (lower part of the twisted flow) will be redirected to different directions from the

main flow. Therefore, the side walls will need to be removed to prevent the redirected
flow from impinging on them.
The last, but not the least, modification that needs to be done in order to incorporate the
twisting vanes is to have a section before the test section to generate the desired power
law velocity profile, (see Fig. 28). In order to do that, some sort of boundary layer
development device needs to be incorporated in this additional section.
Adding the twisting vanes and an additional boundary layer development section in the
wind tunnel as well as removing the side wall in the test section to ensure a free air
»
boundary condition do not seem to be significantly easier compared to adding an
additional crosswind tunnel on the side of the main wind tunnel. Either of these methods
still needs to work with a ground simulation device like a rolling road system in order to
create the proper relative motion between the floor and the model, which further
discourages the likelihood of changes to existing wind tunnels.

developed boundary layer

boundary layer development section

test section

Fig. 28. Boundary layer development section before the test section.
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2.6 Summary
For accurate crosswind simulation, a twisted boundary layer flow has to be generated in
the wind tunnel. However, with some major modifications required for the existing
facilities, the progress of adopting new configurations seems to be slow. As an
alternative, crosswind simulation can be tackled with CFD. Many authors have used
commercial CFD codes to complete crosswind simulations [36], [37]. With high degrees
of freedom, CFD packages can easily assign complex boundary conditions on the flow
domain.
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3. EXPERIMENTAL SETUP
3.1 Overview
A 1:5 scale simplified vehicle model equipped with ride height adjustability and yaw
capability was tested in the ODU 3><4 foot low speed wind tunnel. A rolling road system
(moving belt) was used when conducting the experiments. The rolling road system was
designed to be accommodated in the existing test section, and was placed above the floor
so no significant modification of the test section would be required.
The model is supported by an airfoil shaped strut which is mounted on a vertical-motion
mechanism. The vertical-motion mechanism provides the adjustment of ground clearance
of the model from 0 to approximately 80 millimeters; however, for this research, the
ground clearance was fixed at 20 millimeters. A yaw mechanism is installed in the model
and is connected between the strut and the balance. Although the yaw mechanism can
provide more than 180 degree yaw angle range for the model, the yaw angle range was
limited to +15 to -15 degrees. A similar range was incorporated into the design o f the
rolling road system.. A force balance is mounted in the model to measure the forces and
moments exerted on the model. As stated above, the rolling road system has yaw
capability up to +/- 20 degrees and can be set at 5 degree increments, with the intention of
providing the capability to simulate non-yawed rolling roads, roads yawed with the
model, and up to +/- 5 degree misalignment. The rolling road can be operated at a 20 m/s
surface velocity; however, a nominal speed of 15 m/s was used throughout this research.
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3.2 Vehicle Model
The model used for this research project is a 1:5 scale simplified hatchback model (Davis
model [reference will be given], or SAE hatchback model) with a rear diffuser. The
model was made of Medium Density Fiberboard (MDF) (see Fig. 29 and 30) with the
surface sealed and painted. Detailed and dimensioned drawings can be found in
Appendix. A.

Fig. 29. Front view of model under construction.

Fig. 30. Rear view of model under construction.
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The top and bottom of the model have square cut outs (see Fig. 31 and 32) for accessing
the balance mounting plate (aluminum plate seen in Fig. 32) and for installing the force
balance fasteners.

Fig. 31. Top cut out.

Fig. 32. Bottom cut out.
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3.3 Force Balance
The force balance used for this project was an ATI Industrial Automation ("ATI")
Gamma force/torque transducer. See Appendix. B for detail. The balance can measure all
six force and torque components by means of semiconductor strain gages on three beams
bridging between two flat mounting surfaces as shown in Fig. 33. Although originally
intended for use with industrial robots, the relatively high accuracy and good overload
capability makes this class of device suitable for small-scale automotive wind tunnel
applications.

Fig. 33. ATI Gamma transducer.
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Fig. 34. Force balance mounted on the mounting plate in the model

Fig. 34 shows how the balance is installed in the model. The balance is mounted on the
geometric center (middle of model length and middle of model width, top view on x-y
plane); whereas its location has to be low enough so that the yaw mechanism can be
accommodated above the balance and still inside the model. Visible in Fig. 34, the +y and
+x marks indicate the balance coordinate system as shown in Fig. 33. The +y axis is
aligned with the model's axial direction and is positive forwards (towards the front o f the
model), and +x points to the model's right. Since the balance is mounted to the model
(below the yaw mechanism), the coordinate system of the balance is always aligned with
the vehicle coordinate system.
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3.4 Yaw Mechanism
The yaw mechanism (Fig. 35) is a mechanical device which connects the force balance
and the overhead strut, and provides yawing motion for the vehicle model. The device
consists of a large worm gear driven by a DC motor-driven worm; when the DC motor
turns, it drives the worm which rotates the worm gear which is bolted to the balance;
therefore the model is yawed. See Appendix C for more detail.
The model yaw angle was manually measured by using a straight edge (shown green in
Fig. 36) and a caliper. The long straight board was placed on the side of the model after
the rolling road system has been set to a certain yaw angle; a caliper was then used to
measure the distance between the board and the edge of the belt at two random places
(one close to the leading edge and the other close to trailing edge, see red arrows in Fig.
36). The model yaw angle was adjusted until the measurement from these two places
gave the same values. In this way, the rolling road yaw angle setup with respect to the
test section was assumed to be correct.

Fig. 35. Yaw mechanism.
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Fig. 36. Measurement of model yaw angle (top view).

The overhead strut is mounted on the top of the yaw mechanism (see Fig. 37). When the
model is yawed, the strut will remain fixed. With this kind of design, the strut will stay
aligned with the upcoming flow; which can minimize the downstream flow disturbance
from the strut.

Fig. 37. Yaw mechanism inside the model.
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3.5 Overhead Strut
The strut is made of airfoil section chrome-molybdenum steel tubing. Power cables
which provide power for the DC motor and the transducer (force balance) cable pass
through and come out from the ceiling of the test section (see Fig. 38, 39 and 40). This
arrangement avoids external wiring, which maintains minimum flow disturbance from
the strut.

Fig. 38. Overhead strut

3.6 Linear Motion Mechanism
The upper part of the strut is connected to a linear motion mechanism. The mechanism is
constructed from a large aluminum block supported on two linear slides and driven by a
DC motor (see Fig. 40). The block has two linear bearings installed, one on each side and
two steel shafts clamped on the top panel passing through the linear bearings, which
provides 1-D motion (z direction) for ride height adjustment. See Appendix. D for more
detail.

An Acme threaded nut (circled in Fig. 39) mounted on the top of the aluminum block is
used in conjunction with a threaded rod and the DC motor to provide linear motion. The
threaded rod is connected with the DC motor and pre-screwed into the threaded nut so the
block and the strut can be held in position. When power is applied to the DC motor, it
turns the rod; because the rod is screwed into the nut, rotation of the rod transforms into
vertical movement; this means that once the vehicle model is connected with the
overhead strut, the ground clearance can be adjusted.

The connection between the

overhead strut and the model was reviewed earlier in Fig. 37.

Fig. 39. Linear motion mechanism.

The aluminum block has two passages (see Appendix. D), which allow the wires and
cables to pass through and emerge from the top panel (Fig. 40)
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Fig. 40. DC motor and clamps.

3.7 Aerodynamic Fairing
An aerodynamic fairing (Fig. 41) is used to enclose the linear motion mechanism block in
order to reduce the flow separation which could otherwise disrupt downstream flow. The
design of the fairing resembles an airfoil; the front part of the fairing is rounded and rear
part is tapered; whereas the middle of the fairing has flat sides. Due to the fact that the
fairing is 12 inches away from the model, its flow disturbances are not thought to have
any significant effect on measurements.

Fig. 41. Aerodynamic fairing.

3.8 Rolling Road System
A rolling road is a ground simulation technique that is widely used by many automakers
and racing teams. The purpose of using a rolling road is to provide a relative motion
between the vehicle model and the ground surface in order to properly simulate the
under-vehicle flow. Typically, suction or other boundary layer treatment is employed
upstream of the rolling road in order to remove the wind tunnel boundary layer, but this
feature was not incorporated in these tests.
The rolling road system used in this project was designed in-house and most o f the
structure is aluminum (see Fig. 42). The system has four rollers, one front idler roller (2.5
inch in radius), one middle drive roller (3 inch in radius, see Fig. 43), and two adjustable
rollers located in the middle and rear respectively. The middle adjustable roller (see Fig.
43 and 44) is crowned (max radius: 1.75 inch in the center) which was intended to offer a
guiding (or steering) function; whereas the rear adjustable roller (see Fig. 44 and 45) has
constant radius of 2.5 inch and was intended to provide a tensioning function.
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Fig. 42. Rolling road system.

Fig. 43. Middle drive roller (left) and middle adjustable roller (right, hidden in the belt).
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Fig. 44. Schematic middle adjustable (left) and rear adjustable (right) rollers.

Fig. 45. Rear adjustable roller.

The rolling road system is integrated with a yaw mechanism so that it can be set at
different yaw angles (see Fig. 46). The yawing function of the rolling road system is
provided by locating four legs mounted under four comers of the system (red circle in
Fig. 45) into different holes drilled through two plates (Fig. 46). The maximum yaw
angle for the rolling road system is +/- 20 degrees and the increment is 5 degrees. See
Appendix E for more details.
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Fig. 46. Schematic rolling road system on the existing floor.

The decision was made to mount the rolling road inside the existing wind tunnel test
section, with the drive mechanism extending through an existing turntable cut-out. Due to
this approach, the area outside of the main belt turntable needs to be covered in order to
provide a flat, elevated ground plane in the test section. MDF panels (see Fig. 47) were
used to cover this area, specifically cut for each yaw angle.

Fig. 47. MDF panel.

The MDF panels are supported by four tubes on each side o f the rolling road to provide
the correct height for the panels. . The overall assembly of the rolling road system with
ground board panels installed can be seen in Fig. 48.

Fig. 48. Overview of the rolling road system with MDF panels installed (picture shown is
10 degrees model yaw with 10 degrees belt yaw).

The rolling road system is supported on the floor of the existing test section, which makes
the ground plane of the system 3.5 inches higher than the original floor (see Fig. 49).

Fig. 49. Elevated rolling road system.

The elevated ground plane of the system increased the blockage ratio by 8.6 percent
(blockage ratio before installing rolling road system is 7 %, 7.6 % after installing the
system) but this should not have significant effect on the measurement. Since the rolling
road system is elevated, the connection between the wind tunnel contraction section and
rolling road system needs to be faired. Thin aluminum sheets were manually formed to
produce a ramp in order to have smooth fairing between the lower part of the contraction
section and the top surface of the rolling road system (Fig. 50). The aerodynamic effect
of this fairing is to reduce the boundary layer thickness at the upstream end of the rolling
road, but additional refinement is clearly possible. Similarly, a simple plane ramp (see
Fig. 54) is used at the downstream end of the rolling road to fair back in to the existing
wind tunnel diffuser.
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Fig. 50. Front ramp used to transform flow from the contraction section to the elevated
ground plane (floor of the rolling road).

The rolling road is driven by a 220V, 2 HP, 3 phase AC motor (Fig. 51) which is speed
controlled by a variable-ffequency control (Fig. 52). Further details of the motor and the
controller are given in Appendix. F and G. Fig. 53 shows the belt drive connection from
the motor.

Fig. 51. AC motor.
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Fig. 52. Variable-Frequency control.

Fig. 53. Belt drive connection. Pitch diameter for small pulley is 1.7 inches, 9.4 inches
for larger pulley.

Based on the nameplate rating, the AC motor runs at 1740 rpm at 60Hz (1740/1800 =
3.3% slip), the gear ratio is 5.53 (pitch diameter of big pulley / pitch diameter o f small

pulley, Fig. 53), the length of the seamless belt (100 inches) and the diameter of the
middle drive roller (1.5 inches in radius) are known as well; therefore, the desired
frequency for belt speed can be calculated as shown in Table 1.
The speed chosen in Table. 1 was based on a constant vehicle velocity o f 15 m/s and
desired yaw angles (5, 10, and 15 degrees for this research). The belt speed was
computed from the relative position between the model and the belt. When the model and
the belt were aligned, due to relative motion, the model needed to see the belt moving
parallel to the model’s axial direction with the tangential speed of 15 m/s; but when the
belt was 5 degrees misaligned with the model (either inboard or outboard), the model still
needed to see surface speed of 15 m/s on the belt with respect to its axial direction;
therefore, the cosine 5 degree of the belt speed needed to be equal to 15 m/s (15.06 m/s x
cos(5) = 15 m/s).

Wind tunnel speed

Vehicle yaw angle

1

15

0

Belt yaw
angle
0

2

15.06

5

3

4

15.23

15.53

15

Controller
frequency
23.4

5

15

23.4

5

10

23.8

5

0

15.06
15.06

10

10

15

23.4

10

15

15.06

23.8

10

5

15.06

23.8

15

15

15

23.4

15

20
10

15.06

23.8

15.06

23.8

15

Belt speed

Table 1. Frequency for different yaw angle setups.

23.8

The complete rolling road system in the wind tunnel can be seen in Fig. 54. Notice the
rear ramp is installed in the back of the system in order to provide smooth flow returning
back to the wind tunnel.

Fig. 54. Complete tolling road system in the wind tunnel (picture shown is 15 degree
model yaw with 15 degree belt yaw)

As seen in Fig. 46, the yaw adjustment of the rolling road system is done by locating the
four comer legs (Fig. 45) into specifically drilled holes on the floor-mounted alignment
plates. In order to do so, the whole system has to be lifted up manually, turned to the
desired location, and dropped down into the holes. A 2-ton floor jack was used under the
system to take on this task (see Fig. 55).
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Fig. 55. Floor jack to lift up the rolling road system.

3.9 Vibration Isolation
The whole rolling road system sits on the existing floor in the test section without being
secured other than by its own weight. When the belt was initially run, vibration from the
motor and other moving parts (rollers, pulleys, and belt) can be felt throughout the test
section. The vibration was noticeable compared with previous experience running the
wind tunnel without the rolling road system. In order to reduce the vibration, rubber
damping material and heavy masses were added specifically. For example, four solid legs
initially used to position the system were replaced by rubber vibration isolators (see Fig.
45); some heavy masses were placed on the motor mount plate (Fig. 56); and some
rubber pads were also inserted between the masses. Finally, during the operation of the

wind tunnel, the floor jack was kept in contact with the rolling road system (see Fig. 57),
with a piece of rubber inserted in between to help absorb some vibration.

Fig. 56. Rubber pads and heavy weights.

Fig. 57. Contact between the jack and the rolling road system.

In Fig. 58 and 59, the comparison between before the vibration isolation devices installed
and after can be seen. In these two figures (data read from ATI force balance), the
reduction of the vibration in three directions is noticeable. As we know that the strain
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gauge components in the force balance have influence on each other, further vibration
reduction can improve the accuracy of the measurement.

force_belt on w /o vibration isolators

Fig. 58. Force balance data for 0 degree model yaw with 0 degree belt yaw (no vibration
isolation devices installed).
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Fig. 59. Force balance data for 0 degree model yaw with 0 degree belt yaw (vibration
isolation devices installed).

57

4. COMPUTATIONAL SETUP
4.1 Overview
The computational simulation (CFD) was primarily used to explore the configurations of
model and ground simulation that can produce the most accurate results in crosswind
conditions, and to provide some validation of the experimental measurements conducted
in the low speed wind tunnel.
A simplified hatchback model (Davis model) was used in the computational simulation.
The cross section of the computational domain has two sizes; one is identical to the ODU
low speed wind tunnel and the other is 10 percent larger. The computational domain has a
length much longer than the wind tunnel; which is a common setup to avoid any flow
disturbance that could affect the inlet flow and outlet pressure. The boundary conditions
for the wind tunnel size domain were identical to those in the wind tunnel (i.e. fixed
walls); whereas for the larger size domain, all walls were moving so the tunnel condition
could be closer to the free air. Turbulence modeling was used in the simulation; and the
total simulated time for each case was 1.8 seconds which was considered sufficient for
the flow under the model to fully develop.
Three factors were chosen for comparison between different configurations, namely drag
coefficient, lift coefficient, and mass flow rates (average velocity) across various planes.
Axial and transverse velocity profiles under the model will also be examined for
observation and verification purposes. The mass flow rates, which capture a measure of
flow under the vehicle, were computed from four different planes under the vehicle
model (three transverse planes and one axial plane, see Fig. 60 and 61) for all cases. The

front, middle and rear planes are located at 120 mm behind the leading edge, center, and
the end of the model respectively; and the width and height of each plane is 240 mm and
20 mm respectively. The axial plane is located at the center and starts from 40 mm
behind the leading edge (right after the radius) to the end the of the model, and its height
is 20 mm.

Fig. 60. Three transverse planes.

Fig. 61. Center axial plane.

The computational domain has two different sizes; one was intended to simulate the
existing wind tunnel (1219 mm wide x 914 mm high), the other is 10 percent larger (1340
mm wide x 1005 mm high) in order to reduce blockage effect and make the domain
conditions closer to free air. The length of the flow domain for both is 11.66 meters long
with a 2 meter forward extension from the leading edge o f the model (Davis model [38])
and an 8 meter rearward extension from the trailing edge (see Fig. 62 and 63). The
vehicle model is located in the front quarter of the domain; therefore, the velocity inlet
and pressure outlet will not be affected by flow disturbances induced by the model, aside
from its far wake.

Fig. 62. Davis model in the computational domain (side view)

Fig. 63. Davis model in the computational domain (45 degree front view)
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Table 2 below shows the velocities chosen for the vehicle and the crosswind in crosswind
conditions (also used for the experiments). In this research project, the vehicle velocity
(road speed) will be a constant value of 15 m/s for all configurations; whereas the
crosswind velocities will be varied. In the computational domain, the crosswind can be
applied directly, in the wind tunnel the model is yawed and the tunnel velocity adjusted
slightly to develop equivalent conditions (see Table 1).

Vehicle velocity
Crosswind velocity
Yaw angle
Total velocity
(m /s)_________________ (m /s)_________________ (deg)_____________ (m /s)
15
0
0
15
15

1.31

5

15.06

15

2.64

10

15.23

15

4.02

15

15.53

Table 2. Total velocities (resultant velocity) for different crosswind conditions

There are two basic setups that will be used to simulate crosswind conditions over the
vehicle model in the computational domain; one is a configuration where the boundary
conditions applied on the walls, i.e. velocity inlet, and pressure outlet, represent the wind
tunnel conditions (settings 1 to 10 in Table 3), the other is the where the boundary
conditions, especially velocity inlet(s), cannot be easily simulated in the wind tunnel, but
properly simulate crosswind conditions in road condition (settings 12 to 16 in Table 3).
These will be referred to as “traditional” and “correct” configurations respectively. There
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are 20 variations of the traditional configuration (10 for the nominal wind tunnel size, the
other 10 for a 10 percent larger domain) and 6 variations for the correct configuration
(also in 10 percent larger domain).
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15 + 5deg power law
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15 + lOdeg power law
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15 + 15deg power law
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15 + 5deg uniform
crosswind profile
15 + lOdeg uniform
crosswind profile
15 + 15deg uniform
crosswind profile

Table 3. Configurations for crosswind setup.
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Settings 1 to 10 in Table. 3 represent the conventional approach for crosswind testing in
wind tunnels, also as used in this project. In this conventional approach the fluid flow is
parallel to the test section of the wind tunnel. The side walls and top wall (ceiling) are
stationary; the floor can be either stationary or moving depending on whether a ground
simulation is used. These wind tunnel boundary conditions can easily be applied in the
computational domain. In Fig. 64, a flow inlet (red square) is normally applied on the
front plane of the domain, and pressure outlet is applied on the rear plane of the domain
(blue square). The rest of the planes can be set to be stationary (zero slip) or moving
(prescribed axial velocity) according to the physical conditions in the wind tunnel.

Fig. 64. Inlet and outlet for settings 1 to 10 (traditional configuration)

Settings 11 to 16 in Table. 3 are the ones which cannot be easily simulated in the
traditional wind tunnels. The main hurdle for this setup in the wind tunnels is that it could
require two flow inlets and two outlets, with each inlet needing to produce the desired
velocity profile for the combination of the vehicle velocity and the crosswind. In the
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natural world, the velocity profiles of the crosswind have a power law shape (or
logarithmic profile, see Fig. 65); which when combined with the vehicle velocity,
generates a twisted velocity profile (see Fig. 21 in Chapter 2). That is the profile a
stationary vehicle model should see in the wind tunnel.
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Fig. 65. Crosswind profiles on different surfaces.

Although the twisted profile is extremely difficult to generate in any wind tunnel, it is not
especially problematic in CFD; the power law crosswind profiles can be applied on the
boundaries by using user defined functions. In the computational domain, if more than
one velocity needs to be prescribed in different directions; multiple inlets and outlets can
be used to ensure an uniform flow profile throughout the whole domain. For example, in
this research project, the velocity inlets were assigned to two planes (red square planes in
Fig. 66) in CFD, and the pressure outlets were assigned to another two planes (blue
square planes in Fig. 67).
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Fig. 66. Velocity inlets for correct crosswind simulation (twisted flow).

Fig. 67. Pressure outlets for correct crosswind simulation (twisted flow).

4.2 Crosswind Profile
In CFD, the settings 1 to 10 in Table 3 are using a single inlet and single outlet, which
means the upstream velocity generated from the inlet must be parallel with the wind
tunnel. In order to utilize this configuration for crosswind simulation, a single velocity
component, the sum of the vehicle velocity and crosswind (total velocity in Table 2),
should be applied on the velocity inlet (red plane in Fig. 64). The settings 11 to 16 in
Table 3, a two inlet/outlet configuration is used to generate the twisted profile. The power
law profile was generated by the equation below [39], [4].

The reference velocity (Ur ) is the magnitude which the vehicle model sees at its center of
gravity (CG), Note that the model is 20 mm above the ground and the model CG height is
120 mm (total height is 240 mm), so the reference height (Zr) is 140 mm. Based on the
reference values of Ur and Zr for each yaw angle, the crosswind profiles can be plotted
(see Fig. 68 and 69)

I 5 d e g yaw
lO deg yaw
5 d eg yaw
OJ

veh icle m od el

velocity (m/s)

Fig. 68. Crosswind profiles for three different yaw angles (up to 10 meters)
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In Fig. 68, the influence of the 10-meter height boundary layer profiles and the model can
be seen. The velocities (X values) that the model sees at CG height (Y = 0.14) at different
yaw angles are in the lower left square boxes. The heights of the crosswind boundary
layer are expected to be of the order of the model height; therefore, the artificial
crosswind profiles calculated by using the power law equation in Fig. 68 seem
reasonable.

0.9
0.8
0.7
0.6

0.5
0.4
0.3
0.2

XS1.31
Y: 0.14

0.1

velocity (m/s)

Fig. 69. Crosswind profiles for three different yaw angles (up to 1 meter).

In Fig. 69, the vertical scale for the height (0 to 1 meter) can represent two computational
domains that will be used; hence, how the crosswind will intercept the model can be
observed. There are three vertical lines in Fig. 69 which represent the uniform crosswind
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profiles. The three power law curves are the profiles used for settings 11 to 13 in Table.
3, the vertical lines are for settings 14 to 16.
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4.3 Mesh Generation

+Y
+X

+Z

Fig. 70. Coordinate system in computational domain.

The mesh was generated by using Gambit version 2.4.6. The flow domain was split into
three boxes (see Fig. 71); the front and rear ones have coarser meshes, the middle one has
a much finer mesh due to the presence of the vehicle model. In addition, all critical flow
phenomena, such as wake, flow separation, and trailing vortices, will occur in this region.

Fig. 71. Three boxes in computational domain.

A special technique was used to generate the meshes close to the model surfaces. A
model-like box (Fig. 72, called Box 1) is generated for very fine grids between the
surfaces of the model and the box. By this means, the model’s boundary layer can be
captured.

Fig. 72. Box 1.

Fig. 73. Box 2.

A second similar, but larger box (see Fig. 73, called Box 2) is used to accommodate
slightly coarser meshes in order to smoothly bridge the very coarse meshes in the other
domains and the very fine meshes around the model. The second box, Box 2, also has an

additional purpose which is to allow its bottom plane to be used to simulate the rolling
road system. When the Box 2 yawed with respect to the vehicle model, the bottom plane
can be assigned as a moving wall which can provide relative motion to the model in the
simulation (see Fig. 74).

Fig. 74. Top view, lOdeg model yaw + lOdeg belt yaw (left), lOdeg model yaw + 15deg
belt yaw (right)

The mesh size in Box 1 is 5 mm, in Box 2 it is 15 mm. Unstructured meshes were used in
the middle box (see Fig. 71) due to its complex geometry. The complete mesh generation
in the middle box is shown in Fig. 75, 76, and 77. As can be seen, the mesh size is finer
around the model surfaces, and progressively grows outward.
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Fig. 75. Mesh generation for middle box (side view)

Fig. 76. Mesh generation for middle box (45 degree isometric view)
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Fig. 77. Mesh generation for 5deg model yaw w/ 5 deg belt yaw (top view).

4.4 Solver and Post Processing
Fluent version 6.3.26 was used for calculation and post-processing. Two turbulence
models, Sparlart-Allmaras (SA) and Realizable k-Epsilon (RKE), were selected for the
computational simulation. The single-equation SA model was mainly used to obtain
convergence initially (steady flow, first-order discretization); its advantage of solving
flow within boundary layer was hoped to produce more correct prediction and feed it into
unsteady simulation. The two-equation RKE model with enhanced wall treatment then
took over the results from SA model and continued the simulation for 1.8 seconds
(unsteady flow, second-order discretization). The choice o f a k-Epsilon model was based
on its robustness, lower computational resource requirements, and wide use for both
research and industrial purposes [40], [41]. The residual criterion was set to be 0.0001 for
all three velocities (x, y, and z), continuity, kinetic energy (k), and dissipation rate
(epsilon). The time step used to initialize the unsteady RKE model was 0.0005 seconds
and the number of steps was 2000. The second stage of the unsteady simulation used a

0.0008 second time step and ran another 1000 steps. More details o f the Fluent setup are
given in Appendix H. The Fluent simulations were remotely run on a University cluster.
The simulations were assigned to a Sun X4600 server computer which has 64 GB
memory and 32 processers (8 processers/4 cores). The total run (elapsed) time to
complete a simulation (steady + unsteady) was approximately 24 hours.
When the SA model analysis was completed, the y + adaptation function was applied on
the model surfaces and belt surface in order to refine the meshes. The original grid before
adaptation can be seen in Fig. 78, the number of volume meshes was around 1.5 million.
After the adaptation, a finer grid can be seen on the surfaces in Fig. 79, the number of
volume meshes was around 2.1 million. After the y + adaptation, the RKE model
continued the unsteady simulation for a further 1.8 seconds.

Fig. 78. Grid before y + adaption (under diffuser area).

Fig. 79. Grid after y + adaption (first adaptation).
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When the RKE model analysis was completed a second stage of grid refinement was
applied on the same surfaces for. better resolution of velocity profile plots under the
vehicle model. The boundary adaptation function was used for the second time o f the
refinement, and the result can be seen in Fig. 80.
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Fig. 80. Grid after boundary adaption (second adaptation).

4.5 Computational Model Verification
In order to make sure the chosen computational models (SA and RKE) can produce the
correct results, a simple and widely used vehicle model called the Ahmed reference
model (Fig. 81) was used in the current computational domain in order to verify if the
chosen computational models yield similar results to reference values.
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ltM4

Fig. 81. Ahmed reference model (dimension in mm) [40].

The computational domain for verification purpose remains the same as the one used for
this research project; the Ahmed model dimension, ground clearance, and wind speed
were set to be the same as referenced [40]. The drag coefficient, lift coefficient, and drag
contribution were then compared between the current and previous data from reference
[40], [42]. Fig. 82 and 83 show the Ahmed model in the current computational domain
and some velocity contours.

Fig. 82. Velocity contours for the Ahmed model.

Fig. 83. Velocity contours for the Ahmed model (enlarged).

The comparison of lift and drag coefficients from current and previous results shows that
the current results are in good agreement (see Table 4) The comparison of drag
coefficients also shows that the current CFD results are in good agreement with Ahmed’s
experimental measurement (see Table 5).

CD

CL

CD/ C L

Graysmith CFD

0.31

0.38

0.82

Graysmith Experiment

0.32

0.36

0.89

Strachan CFD

0.29

0.37

0.78

Strachan Experiment

0.31

0.22

1.41

0.33

0.39

0.85

Source

Current CFD (Ahmed

Table 4. Drag and lift comparison for the Ahmed model [40].
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Drag Distribution

Ahmed

Current CFD

Front

6.78%

4.6%

Inclined Section

50.85%

45.5%

Back

25.42%

36.3%

Viscous

16.95%

17.6%

Table 5. Drag distribution comparison between Ahmed and current CFD result [40].

In addition to the above comparison criteria, the velocity on the model surface and floor
were also evaluated. Due to no-slip conditions, the velocity on the model surfaces should
be zero; and because the floor was set to match the wind speed, the speed on the floor
should be 25 m/s. From Fig. 83, it is seen that the bottom surface o f the model has zero
velocity and the velocity on the floor matched.
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5. EXPERIMENTAL RESULTS
5.1 Overview

Fig. 84. Coordinate system (experiment).

The vehicle model is mounted in the wind tunnel as described earlier, supported by a
vertical strut, above the rolling road, with forces and moments measured by an internal 6component balance. The model was yawed from 0 to +/- 15 degrees in 5 degree
increments in each direction (i.e. clockwise and counterclockwise). Positive yaw means
the model is yawed clockwise using the right hand rule (see Fig. 84, thumb pointing up in
+y direction and looking at the model from the top); whereas negative yaw mean the
model is yawed counterclockwise (also looking from above).
Two belts were used in the experiment; belt#l was installed a week earlier than the
belt#2. During the experiments, the belts’ operation (on and off) was one o f the
parameters in the experiments. If the belt is running during the data collection, “belt on”
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will be used as the annotation in the plots; whereas “belt o ff’ will be shown when the belt
is not running.
The naming conventions in the plots are the same as that used in the computations;
“inboard” means the model is yawed away from the center less than the belt, “outboard”
means the model is yawed further than the belt. The largest misalignment between the
model and the belt is 5 degrees; which means, for example, if the model is yawed 10
degrees, the belt can only be yawed 5 degrees or 15 degrees (outboard and inboard
respectively), because if the misalignment is larger than 5 degrees, the limited area of
moving belt will not provide adequate ground simulation under the model.
Second-order polynomial trend lines are added in selected plots in order to better assess
and interpret the results. 95% confidence intervals (CIs) with upper and lower levels are
inserted on the following four plots - Fig. 85 to 88. The CIs were computed for the
aligned configurations at 0 (both belts), -10 (belt#l), and 15 (belt#2) degrees yaw
respectively. The red Cl represents belt-on at 0 degree yaw; the green Cl represents belton at -10 degree yaw. The blue Cl represents belt-on at 15 degrees yaw.

5.2 Drag Coefficient
From Fig. 85 and 86, belt# 1 shows more symmetrical results than helt# 2. Both
maximum and minimum values of drag coefficient are very close; despite belt# 2
showing lower drag coefficient at positive yaw angles.
The drag coefficients collected at negative yaw positions for belt# 1 seem to have less
deviation (smaller spread) than at the positive yaw angles; whereas for belt# 2, the
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deviation looks fairly consistent. The data collected at each yaw position from belt#l has
wider spread (especially at positive yaw) than belt# 2.
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Fig. 85. Drag coefficient for belt #1.
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Drag coefficient_belt#2
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Fig. 86. Drag coefficient for belt #2.

5.3 Lift Coefficient
From Fig. 87 and 88, it is clear that belt#l shows a symmetrical trend and has less
deviation at each yaw position. The maximum and minimum lift coefficients for both
belts seem to have a significant difference; the maximum lift coefficient for belt#l is
about 0.42, only 0.39 for belt#2; whereas the minimum lift coefficient for belt#l is about
0.18, 0.13 for belt#2. The points and trend lines that appear to show different trends with
belt#2 in Fig. 88 are from the points where the belt was off during the experiments; if we
remove those points and only look at the remaining data points (all “belt on” data), the
data of belt#2 will recover a symmetrical trend and similar maximum and minimum lift
coefficients as belt#l.
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From both belts, it seems that the values of the lift coefficients with positive yaw are
slightly higher than with negative yaw. The drag coefficient plots (Fig. 85 and 86) show
that belt#2 has more consistent results; whereas the lift coefficient plots (Fig. 87 and 88)
indicate that belt#l has more consistent results.
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Lift coefficient belt#2
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Fig. 88. Lift coefficient for belt #2.

5.4 Comparison and Discussion
As belt#2 gave inconsistent results for the lift coefficients between belt-on and belt-off
conditions, and its data from belt-off condition showed the trend was significantly
different than others (reasons will be discussed later); the drag and lift coefficients in
belt-on only condition are plotted in Fig. 89 and 90 respectively. From these two figures,
we can notice that the lift coefficients are more consistent and more symmetrical than
drag coefficients; whereas the drag coefficients show consistency and less spread at
negative yaw angles.
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As the results from three different configurations, aligned, inboard and outboard, do not
show significant differences with each other, the averaged results from these three
configurations for the two belts were then computed to simplify the analysis. From Fig.
91, belt#l shows close and consistent results for belt-on and belt-off conditions; the
results are almost identical at negative yaw angles, and start to show offset when the yaw
angles become larger at positive yaw. From the same figure, belt#2 shows asymmetric
results as we see in Fig. 89; the difference between belt-on and belt-off is smaller at
negative yaw than positive yaw.
From Fig. 92, both belts have fairly good agreement with the results on belt-on condition.
With belt-off condition, belt#l shows lower coefficients than belt-on condition; whereas
belt#2 shows completely different trend which can also be seen in Fig. 88. The possible
cause for this maybe from the surface condition on the belt, and will be discussed later.
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Some of the differences seen in drag and lift plots can be explained. The belts used in this
research were from the same company, but because they were not ordered at the same
time (belt#l was ordered a month earlier), the manufacturing process and materials may
be slightly different. From Fig. 93 and 94, it is clear that, at least, the seaming process
shows variation between the two belts. The different seaming constructions could
contribute different operating characteristic such as vibration level, contact friction, and
surface roughness; which may affect the results.
The belt tensioning could be another factor which contributes to spread in the results and
asymmetric trends for belt#2. The belts were adjusted to be able to run at the desired
speed as well as maintain tracking; two adjustable rollers were used to ensure the belt can
fulfill these requirements. However, the tensioning for belt#l was not recorded for future
experiments; therefore, when installing belt#2, there was no procedure to ensure that the
tension of belt#2 was the same as belt#l. The difference in tensioning could result in
different levels of vibration of the belt, which can affect the flow field under the model
and consequently drag and lift measurements.
The other possible reason which could cause these problems is the the belt construction.
The seamless belts did not appear to be truly cylindrical, rather having a slightly coned
shape. The coned shape can not only introduce vibration and tracking irregularities, but
also provide uneven surface under the model (to be discussed more fully later). The
uneven belt surface was only detected when the belt was stopped; when the belt was
running, from the observation under the model, the belt surface seemed to be
appropriately flat. That is perhaps the reason why the data shown in Fig. 88 has
significant differences between belt on and belt off.

Fig. 93. Seam of belt# 1.

Fig. 94. Seam of belt#2
t
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The difference in drag coefficient at positive yaw angles seen in Fig. 89 and 91 could
result from the slack in the ATI force balance cable (thick black cable in Fig. 38). The
cable needs to be connected to the balance and then the whole yaw mechanism will be
placed in the vehicle model (see Fig. 37). If the cable was too short, it will push (or pull)
the connector (see Fig. 34) on the side when the model is yawed; and consequently affect
the measurement. The asymmetric result from belt#2 at positive yaw angles may be
caused by not having enough slack when conducting the experiments.
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6. CFD RESULTS
6.1 Overview
The results from the CFD analysis are focused on drag coefficient, lift coefficient, and
mass flow rates across four different planes (three transverse planes and one center plane
(see Fig. 95). The primary purpose is to compare these data with the baseline model, and
quantify the difference so as to indicate the best configuration(s) for vehicle aerodynamic
testing in crosswind conditions. The simulation with the power law crosswind profile
setup will be used as the baseline model because it is considered closest to the actual road
conditions.

Fig. 95. Transverse and axial planes under the model for mass flow rate measurement.

Velocity profiles at three locations (40mm after the leading edge, center, and trailing
edge) under the vehicle model were also collected for verification purpose (Fig. 96). See
Appendix. J. The height of these profiles is 20 mm from the bottom of the model to the
belt surface.

Fig. 96. Locations for velocity profiles collection.

6.2 Crosswind Profile Verification
The correct way to simulate the crosswind condition in this research is to prescribe two
velocity components; vehicle speed and crosswind velocity, on the velocity inlets (see
Chapter 4. Computational Setup). Before the simulation, an empty computational domain
(i.e. no vehicle model inside) was run to verify that the selected computational models
(SA and RKE) can produce expected results. The transverse velocity component
(crosswind velocity) was collected at the location 0.6 m ahead of the leading edge o f the
model, and the result is shown in Fig. 97 and 98. The plotted profiles show very good
agreement with the computed crosswind profiles in Fig. 69; but note that the no-slip
condition applies to the crosswind velocity.
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6.3 Naming convention
Due to variations in computational domains and various vehicle model/belt
configurations used in CFD, a clear naming convention for each configuration is
important. Some abbreviations are defined as follows.
•

”WT” represents Wind Tunnel (computational domain is the same as
current wind tunnel), “LWT” represents the 10% larger computational
domain.

•

“inboard” means the model is yawed away from the centerline 5 degrees
less than the belt (see Fig. 99); whereas “outboard” means the model is
yawed 5 degrees further than the belt (see Fig. 99). Since the experimental
setup for the model yaw is in 5 degree increments, the computational setup
follows.

Fig. 99. Inboard (right, 10 degrees model yaw with 5 degrees belt yaw), outboard (left, 10
degrees model yaw with 15 degrees belt yaw).

Two numbers connected with an underline, for example “5 1 0 ”, means the model is
yawed 5 degrees away from the centerline, and the belt is yawed 10 degrees away from
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the centerline. The first number represents the model yaw, and the second number
represents the belt yaw. When the two numbers are the same, say 15 15 (see Fig. 100),
this means the model and the belt are aligned and both are yawed 15 degrees away from
the centerline. This type of designations will only be seen in Appendix J.

Fig. 100. 1515, 15 degrees model yaw with 15 degrees belt yaw.

Note that the simulations with power law crosswind profile and uniform crosswind
profile both used the 10% larger computational domain, but will not show the “LWT”
designation. Both “Power law” and “Uniform” notations represent the simulations
constructed using two-inlet-two-outlet configurations, and have conditions close to freeair. The only difference between these two is that the flow with uniform crosswind
profile prescribed on the inlets does not have the twisted profile. The main reason for
having uniform crosswind is to compare with the results from the traditional
configuration (see Table. 3). The simulations from “Traditional Configuration” in Table 3
should be considered as incorrect simulations but will be used to compare with the
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experimental results; whereas simulations done as “Correct Configuration” will be
considered as correct simulation since they can provide ideal crosswind conditions.

6.4 Drag Coefficient
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Fig. 101. Drag coefficients from all configurations (CFD).

From Fig. 101, we can identify three groups by looking at the value o f drag coefficients.
The first group (top group) comes from three configurations with wind tunnel size
domain (WT), and they have the largest coefficients. The middle group is from the larger
wind tunnel domain (LWT); it has coefficients between the other two at lower yaw
angles, and the lowest coefficients at 15 degrees yaw. The results from the correct
configuration (Power law and Uniform) have more dish-like trend lines; they have lowest
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coefficients at lower yaw angles, and coefficients between the other two at high yaw
angles.
For results from wind tunnel size domain (WT), the coefficients at 5 and 10 degree yaw
are almost the same. However, at 15 degrees yaw, the outboard configuration does not
follow aligned and inboard configurations, and it has lower coefficient. The trends for
three configurations are fairly linear before 10 degrees yaw; when the yaw angle is larger
than 10 degrees, the outboard configuration still maintains a linear relation, whereas the
other two start to have an upward curve.
For results from the larger size domain (LWT), their values of drag coefficients are all
smaller than the result from the wind tunnel size domain. The outboard configuration
shows a slightly different trend line than the other two; its drag coefficients before 10
degrees yaw are smaller, but have closer coefficients when the yaw angles are largest.
From Fig. 101, we can notice that results from the three configurations (aligned, inboard,
and outboard) are very close; therefore averaging was done for those results to simplify
the plot. The averaged results are shown in Fig. 102, they represent three groups
discussed previously. The top trend line is from the normal domain, and it has the largest
coefficients. The middle trend line is from the larger wind tunnel domain; and the bottom
two trend lines are from the correct configuration. From Fig. 102, we cam notice that the
coefficients from the power law crossflow configuration are slightly higher than uniform
configuration, but both have lowest coefficients at lower yaw angles; and show larger
increments when the yaw angle increases.
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Fig. 102. Averaged drag coefficients (CFD).
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From Fig. 103, 104, and 105, we can notice that at 5 degrees yaw, the Power law
configuration has the lowest drag coefficient (except the uniform profile); at 10 degrees
yaw, the Power law configuration seems to have a mean drag coefficient, other
configurations have coefficients varying about that value; at 15 degree yaw, all
configurations produce drag coefficients smaller than the Power law configuration.
At high yaw angle (10 and 15 degrees), the fixed belt configuration produce the
coefficients considerably different than the Power law configuration. As the Power law
configuration was used to be the baseline for comparison, we might conclude that the
rolling road system should have the minimum possible misalignment with the model
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6.5 Lift Coefficient
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Fig. 106. Lift coefficients from all configurations (CFD).

From Fig. 106, it is clear that all configurations have similar trend lines. Three groups can
be identified similarly to drag coefficients in Fig. 101. The trend lines from the larger
domain (top group) show larger lift coefficients than the others at all three yaw angles.
The bottom group is from the wind tunnel size domain. Unlike the drag coefficient results
shown in Fig. 101, the results from the larger domain produce higher coefficients than the
wind tunnel size domain. The group in the middle is from the correct configuration
(Power law, Uniform); its results are close to those from the larger domain, once the yaw
angles become larger, the results are closer to those from the wind tunnel size domain.
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The averaging method was again used for lift coefficients due to closer results from three
configurations, the averaged results are shown in Fig. 107. Unlike drag coefficients, the
lift coefficients from all configurations show very similar trends, and the increments are
more obvious when the yaw angles increase.
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Fig. 107. Averaged lift coefficients (CFD).
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From Fig. 108, 109 and 110, it can be seen that the Power law crosswind configuration
produces the lowest lift coefficients at all three yaw angles; others produce noticeably
larger coefficients except for the uniform crosswind configuration which produces the
coefficients very close to the power law crosswind configuration.
The result in Fig. 110 shows that the fixed belt configuration has the largest difference
from the baseline model (power law) at 15 degrees yaw angle; therefore, large
misalignment may need to be avoided when the crosswind angle is large.
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6.6 Mass Flow Rate
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Fig. 111. Mass flow rate for 5 degree yaw (CFD).

mass flow rate_10deg yaw
0.105
0.1

0.095

00
JX
Z

—ft—f r o n t p la n e

0.09
—b —m id p la n e

"A- -

0.085
0.08
*»

&o

01

T3

c

J2

O

C O

O
^
CL O

Q.

h-

cxo

GJ

>

H

T3

JQ

XI

CIO

Fig. 112. Mass flow rate for 10 degree yaw (CFD).

—a —r e a r p la n e
- ^ - - c e n t e r p la n e

106

mass flow rate_15deg yaw
0.15
0.14
0.13
0.12
00
^

front plane

0.11

0.1

mid plane

0.09

rear plane

0.08

0<u0

s. 2

£L

Q.

h5
~D

center plane

I—
5
L
_
ro

T3

x>

op

TO

Fig. 113. Mass flow rate for 15 degree yaw (CFD).

From Fig. I l l , 112, and 113, we can see that the mass flow rates on the front, middle,
and rear planes show almost the same values at three yaw angles; whereas the mass flow
rate on the center plane increases as the yaw angle increases. The trend lines do not show
distinct variations on certain configurations, but on the center plane, the fixed belt
configurations show a relatively larger rate than the baseline.
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From Fig. 114, 115, 116, and 117, we can see that the uniform crosswind configuration
has the least difference from the baseline followed by the results from the wind tunnel
size domain (WT). However, as the baseline model was simulated in a larger domain, and
larger domain should provide the condition closer to the on-road condition; when
comparing the results with the baseline model, we should look at the results from the
larger domain only. Therefore, the results from the wind tunnel size domain will be used
as reference only. Again, no significant differences found from three transverse planes,
but the inboard configuration (inboard LWT) seems to have slightly larger variations
generally. From Fig. 117, the outboard configuration (outboardJLWT) and fixed belt
configuration show larger rate difference than other configurations, and the latter
produces the largest difference from the baseline result.

6.7 CFD vs. Experimental Results
As the drag and lift coefficients from both CFD and experiments have very close results
at three configurations (aligned, inboard, and outboard), the averaged coefficients will be
used here. From Fig. 118 and 119, we can see the CFD results from the wind tunnel size
domain and experimental results from two belts. This comparison shows if the CFD
simulation can produce the results similar to the wind tunnel test. The agreement between
CFD and experiment is not as good as hoped; there are many possible factors that can
result in incorrect outcomes. However, the trends are similar, which show minimum
results at 0 yaw, and maximum at largest yaw angle. The discrepancy between each trend
line is small. The discrepancy at 0 yaw may come from different blockages in various
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domain sizes; whereas the discrepancy in trend lines may come from different boundary
conditions on the inlets and walls.
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In previous figures, we have noticed that the fixed belt configuration gives largest
difference when comparing with the baseline model, especially when the yaw angle is
large. Therefore, in order to further check if the fixed belt configuration has significant
difference compared to others, its results are compared with those from correct
simulation (Power law, Uniform) and shown in Fig. 120 and 121. From Fig. 120, it is
obvious that the fixed belt configuration has noticeable differences compared to the
correct simulation. From Fig. 121, the difference is minimum at 0 yaw and progressively
grows as the yaw angle increases. A similar conclusion can be drawn which is that large
misalignment between the model and the belt should be avoided when large crosswind
angles are tested.
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7. DISCUSSION
7.1 Overview
The principal objective of this research was to identify the wind tunnel configuration(s)
which can provide the most accurate crosswind simulation. Due to the design and
construction of the most wind tunnels, the vehicle model has to be set up at a certain yaw
angle relative to the upstream flow for crosswind simulation (see Fig. 122 below). With
this type of configuration, the wind speed is the vector sum of the vehicle's road speed
and the crosswind speed, with the resultant velocity used as the wind speed in the wind
tunnel test. If the crosswind is considered to have a uniform profile (i.e. no ground
boundary layer profile) then the resultant velocity will have a uniform profile as well.
Ground simulation should also be used in the classical way in order to simulate the
relative motion between the vehicle model and the floor.
However, as indicated by Hucho [6] and other authors [30-32], a twisted velocity profile
should be seen by the vehicle model in the wind tunnel when crosswind is properly
simulated with a ground boundary layer present (see Fig. 122). Twisted flow tunnels have
been used for yacht research for quite some time (see Fig. 22 and 23 in Chapter 2); the
core approach for generating twisted flow is to install a set of vanes before the test
section so that the flow can be redirected. The twisting vanes have not seen use in
automotive wind tunnels, but alternative techniques have been implemented for
crosswind simulation.
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Fig. 122. Common crosswind setup (left) vs. twisted wind setup (right).

7.2 Different Flow Profiles and Wind Tunnel Configurations
If twisted flow profiles are desired for crosswind simulation in traditional wind tunnels,
two essential steps need to be considered; one is the generation of the boundary layer, and
the other is the generation of the twisted flow. The boundary layer development can be
achieved with an additional tunnel section installed before the test section; and the
twisted flow can be developed with twisting vanes. As mentioned in the literature review,
additional modifications may be required; but it is considered technically feasible to
design a wind tunnel in this manner. Let us assume, for now, that twisted flow can be
generated in the wind tunnel, but does it have advantages over the uniform profile? In
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terms of reproduction of the crosswind over the model, and the accuracy of the
measurement, how much difference exists between these two configurations?

Fig. 123. Uniform vs. Twisted flow (45deg rear view).

Fig. 124. Uniform vs. Twisted flow (side view).

Fig. 125. Uniform vs.Twisted flow (green uniform profile pointing out of the paper).

From Figs. 123 and 124, the flows that the vehicle model "sees" (uniform and twisted)
can be seen; and the comparison between these two at the same origin from the model’s
perspective can also be seen in Fig. 125. At the first look, these two flow profiles appear
to have significant differences in shape; the bottom of the twisted flow has the magnitude
of the vehicle velocity due to the combination o f zero crosswind velocity at the road
surface and the vehicle velocity; whereas the top o f the twisted flow has higher velocity
magnitude than the uniform flow. The example of how to compute both flow profiles is
given in Fig. 126, 127, and 128. Note that this example is based on an arbitrary crosswind
(4.02 m/s) seen by the vehicle model at 0.14 m height; the vehicle velocity is constant 15
m/s and the crosswind impinges on the vehicle at 90 degrees.
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Fig. 126. Crosswind velocity.
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Fig. 127. Vehicle velocity.
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Fig. 128. Resultant velocity (the product of Fig. 126 and 127 at 90 degrees).

From Fig. 126 and 128, we notice that the intercept of these two flows is at 0.14 m, that
being the point where we assume the vehicle sees the given crosswind velocity. For the
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power law crosswind, this particular height where a vehicle sees a particular velocity
needs to be given due to the fact that velocity varies with the height regardless of whether
the flow is twisted or not. Once the height and velocity magnitude are decided, the power
law plot can be generated. With the power law profile, the vehicle will experience higher
velocity when the observation points are higher than 0.14 m and lower velocity when the
observation points are lower than 0.14 m; not to mention that when the twisting
mechanism is imposed in the analysis, the difference between these two flows could be
significant.
The application of ground simulation has not been involved in the analysis yet. As we
know that the relative motion between the vehicle and the floor is critical for correct
measurement, so a rolling road system is now added to the analysis so as to investigate
whether the differences between these two flows will be smaller or larger.
The rolling road system for the power law profile setup is not difficult, because the
profile is generated specifically from the vehicle’s view point; the vehicle does not
require any yaw angle in the test section, which means the rolling road system needs only
to align with the vehicle (see Fig. 129). But, on the other hand, the uniform profile is
blowing straight into the test section; the vehicle model has to be yawed so the crosswind
condition can be simulated (see Fig. 130).
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Fig. 129. Schematic setup for model aligned with the rolling road system (upstream flow
coming from the left)

Fig. 130. Schematic setup for 20deg model yaw with 20deg rolling road yaw (upstream
flow coming from the left)
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The yawed rolling road system in Fig. 130 should, theoretically, have the same speed as
the vehicle velocity (not the resultant velocity). The reason is that the fixed vehicle model
in the wind tunnel needs to see the equivalent magnitude but reversed direction velocity
on the belt so that the relative motion between these two is properly created (see Fig. 8
and 9 in Chapter 1).
With the rolling road system installed in the wind tunnel, the twisted flow seen in Fig.
123 and 124 has no problem establishing its speed at the floor (zero slip in cross-flow);
therefore, the lower part of the profile should still have the velocity vector pointing along
the vehicle axial direction with a magnitude of the vehicle speed. A different scenario
from the uniform profile flow case now develops. Because o f the rolling road system, the
uniform profile will have the velocity vector aligned with the vehicle model at the bottom
(rolling road surface); but its adjacent velocities will start to have different directions and
magnitude with height due to the no slip condition on the rolling road surface. This
viscous effect will only have influence near the bottom of the profile (depending on the
roughness of the rolling road surface and flow speed), but it should result in a twisted
shape within this limited area only. This twisted shape will probably not be the same as
the real twisted profile (blue profile in Fig. 123, 124, and 125), but at least, with the help
of the rolling road, the bottom part of the uniform flow is not uniform any more.
Therefore, if the true twisted flow cannot be generated, the common crosswind setup (left
picture in Fig. 122) with the rolling road system aligned with the vehicle yaw should
make the crosswind condition in the wind tunnel somewhat closer to the road condition.
Nonetheless, the flow that is above the 0.14 m height is also different in both cases. The
uniform flow will have the velocity with the same magnitude approaching the vehicle
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model at the same angle; whereas the model in a power law crosswind flow will have the
velocity continuously changing in magnitude and direction as a function of height.
Different velocity magnitudes on the model surface will result in different dynamic
pressures, which will affect the drag and lift measurement. Different velocity directions
will consequently have more or less influence in the downstream flow, which could affect
the flow field in separated areas, wakes, and vortices.
The experiments conducted in this research not only included the model aligned with the
rolling road system, but also included 5 degree misalignment inboard and outboard with
respect to the yaw of the rolling road. For instance, when the model was yawed 25
degrees and the rolling road was yawed 20 degrees, it is called outboard (see Fig. 131);
when the model was yawed 15 degrees and the rolling road was yawed 20 degrees, it is
called inboard (see Fig. 132).
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Fig. 132. 15 deg model yaw with 20 deg belt yaw.
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7.3 Possible Causes for Inconsistent Results
The experimental results do not show significant differences of drag and lift coefficients
between the aligned, outboard, and inboard configurations. There are some reasons found
during the experiment which likely contribute to this result. First of all, the difference
between the wind speeds used for each setup (see Table 1 in Chapter 3) were small; the
largest difference is 0.53 m/s (3.5%) between configuration #1 and #4; and the smallest is
0.06 m/s (0.4%) between configurations #1 and #2. Such small changes in the tunnel
speed may not give rise to variations which can be deciphered from the measurements.
Secondly, the difference in belt speed was also small. From Table 1 in Chapter 3, the
frequency control only changed 0.4 Hz between two different speeds, and the speed was
changed between 15 m/s and 15.06 m/s. The difference of 0.06 m/s was likely to be
burdened by the friction between each mechanical part in the rolling road system, the
motor condition, the slip between the belt and the rollers, or between the drive belt and
the pulleys; this tiny change in belt speed could be smaller than the speed precision.
Therefore, the evaluation on how different belt yaw positions with a given model yaw
response to the change in drag and lift coefficients may not be reliable.
During the experiment, the two belts were not running perfectly straight; both had the
front right comer and the rear left comer touching the edge of the turntable. In Fig. 133,
the worn front right comer is shown in the red circle, and in Fig. 134, a slight offset in the
front left comer can be seen due to small belt movement to the right. The belts appeared
to shift left to right and then right to left continuously during its operation (thought to be
due to slightly non-cylindrical geometry induced by the seamed construction); this high
frequency transverse movement could have a certain degree of influence on the flow

close to the belt surface, which may consequently affect the fidelity of the ground
simulation.

Fig. 133. Worn front right comer

Fig. 134. Offset front left.

In addition to the transverse movement on the belt, the flatness of the belt could have an
adverse effect on the flow over the belt and hence alter the flow field underneath the
model. As mentioned earlier, the belt tension was not recorded; therefore, the two belts
used had different tensioning setups during the experiment. From observation, belt# 2 had
a slightly looser tension; hence, it could have deflected up and down more than belt# 1
during operation. The belt waving could not be observed during its operation because the
high operational speed seemed to stretch out the waves, but when the belts were stopped,
imperfect surface conditions could be observed. As belt# 1 had more tension, the surface
condition and the flatness were good with no physical humps. When examining belt# 2,
there were few issues found on its surface and the edges. In Fig. 135, a noticeable lift on
the left side of the belt was found when the belt was stopped. On the other side of this
belt, its edge was folded into the side of the turntable (see Fig. 136), which resulted in a
hump on that side (see Fig. 137). Also, there was another small hump found on the center
(see Fig. 138)

127

Fig. 136. Belt# 2 rolled in on the right side o f the turntable.

Fig. 137. Bumped up surface on belt# 2.

Fig. 138. Small hump on the center of belt# 2
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All the defects found on belt# 2 occurred at a certain position of rotation, and they did not
all happen simultaneously. The lifting on the left side of the belt (Fig. 135) and the
folding (Fig. 136) on the right did not happen at the same time; lifting up on the left
resulted from the belt being dragged to the left, so the right side would have clearance to
prevent it from touching, and vice versa. The center hump was not detected from belt# 1
due probably to higher tensioning, but its left and right sides did have the same issue
found on belt# 1; however, the degree of lifting up and folding were much less than
belt#2. These defects were only observed when the belts were not in operation, when they
were running; the surface under the model seemed to be flat with no waving. In the lift
coefficient data from belt# 2, it is clear that when the belt was off, the results were
significantly different and showed completely different trend lines than with the belt
running, which indicates that belt# 2 had inconsistent surface conditions between belt-on
and -off; belt-on data from this belt should be used with caution when comparing with
other data.
The belt sagging was probably one of the reasons that caused vibration. In Fig. 139, it is
noticed that the belt is slightly loose. The loose belt would cause flapping during high
speed operation. The sagging could also happen due to the fact that the center adjustable
roller was crowned. The crowned feature was intended to keep the belt running on the
track even if the tensioning was low.
With all the issues mentioned, after a couple of hours high speed operation, both belts
were worn on the edges (see Fig. 140). The wear on the belt means its condition may not
be the same as when new. It also indicates that the mechanical parts in the rolling road
system may be wearing as well. As small differences add up from time to time, without
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properly checking belt tensioning, belt speed, parts condition, etc, this could be the
reason why the results from two belts show slightly different trends and the data from
certain yaw positions was scattered.

Fig. 139. Sagging on belt #2.
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Fig. 140. Wear on the edge of the belt.

7.4 Belt Speed Verification
The belt condition was verified after the experiment was completed. Before the
experiment, a no slip condition between the belt and the rollers was assumed, and the
gear ratio was calculated from the pitch diameter of the pulleys (data from
McMaster.com). Therefore, this assumption and gear ratio were used to compute the
frequencies for required belt speed throughout the experiment. After the experiment was
completed with belt# 2, an optical tachometer was used to measure the belt rpm as well
as the small pulley and large pulley rpm (see Figs. 141-143). Table 6 shows the
measurements from the tachometer, it proves that the no slip assumption was valid
because the gear ratio is consistent; however, it shows that the gear ratio of 5.53 used in

the experiment was incorrect, it should be approximately 4.75. The gear ratio difference
tells that the belt speed may have been set 14% slower. From the data in a limited study
[43], it says that as long as the ground clearance is not too small (ground clearance /
model height is larger than 0.034), the sensitivity of the mean base pressure is not
significant between full belt speed (u/U = 1 ) and 86% o f the full speed (u/U = 0.89).
Therefore, the current results from a slower belt speed may still be acceptable.

Fig. 141. Optical tachometer for belt speed measurement.

Fig. 142. Speed measurement on small pulley.

Fig. 143. Speed measurement on large pulley.
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Hz

Belt rpm
153

Small Pulley
rpm
1626

Large Pulley
rpm
342

Small Pulley/Large Pulley (gear
ratio)
4.75

12
16

206

2196

461

4.76

19

245

2613

550

4.75

21

271

2888

609

4.74

Table 6. Belt speed verification.

The belt condition was verified after the experiment was completed. Before the
experiment, a no slip condition between the belt and the rollers was assumed, and the
gear ratio was calculated from the pitch diameter of the pulleys (data from
McMaster.com). Therefore, this assumption and gear ratio were used to compute the
frequencies for required belt speed throughout the experiment. After the experiment was
completed with belt# 2, an optical tachometer was used to measure the belt rpm as well
as the small pulley and large pulley rpm (see Figs. 141-143). Table 6 shows the
measurements from the tachometer, it proves that the no slip assumption was valid
because the gear ratio is consistent; however, it shows that the gear ratio of 5.53 used in
the experiment was incorrect, it should be approximately 4.75. The gear ratio difference
tells that the belt speed may have been set 14% slower. From the data in a limited study
[43], it says that as long as the ground clearance is not too small (ground clearance /
model height is larger than 0.034), the sensitivity of the mean base pressure is not
significant between full belt speed (u/U = 1) and 86% o f the full speed (u/U = 0.89).
Therefore, the current results from a slower belt speed may still be acceptable.
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7.5 y + and Grid Size
The grid size after y + adaptation was thought to be sufficient for resolving the flow
within boundary layer (see Fig. 79); however, after obtaining shear stresses from Fluent
(Fig. 144 and 145) and using the equation below (eq. 2), the calculated y + was around
270 before the first stage adaptation. Even after the adaptation, the

y + was

approximately 30 which indicated that the grid was not fine enough to solve flow in the
viscous sublayer, which maybe the reason why the drag coefficients from CFD did not
have good agreement with experimental results.

Fig. 144. Shear stress on the belt (aligned configuration at 0 yaw).
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Fig. 145. Shear stress on the bottom of the model (aligned configuration at 0 yaw).

7.6 Tike Effect off VeMcle Body Befall
The bodies’ surface detail has a significant effect on a vehicle’s aerodynamics
performance and consequently changes drag and lift coefficient values. The vehicle
model used in this research was a simplified model with rounded edges, which helped the
flow remain attached on the surfaces even at large yaw angles. Another reason to expect
minimal separation regions is the absence of wheels. The presence of the wheels will not
only increase the frontal area, but also disturb the flow passing by and the downstream
flow. The flow disturbance due to wheels should become more serious as the vehicle yaw
angle gets larger during crosswind simulation.
Therefore, having smooth surfaces, rounded edges and no wheels reduces the flow
separations and disturbances, which could be the reason why the difference between zero
yaw angle and large yaw angle was not very significant in this research.

137

8. CONCLUSIONS
Due to small changes in the wind speed and belt speed, imperfect belt condition, and
some uncontrollable factors involved in the experiments, the experimental results may
not be used to clearly indicate the difference at a given model yaw with respect to various
belt yaw angles (aligned, outboard, and inboard); however, the results from belt#l, such
as the drag coefficients from negative yaw angles and lift coefficients, could be used as
references in the future because it provided more symmetric results and had better belt
performance (less transverse movement, less defects).
The CFD simulations are not sensitive enough to response to the small changes in the
wind speed and belt speed either, but because all the data in the flow field can be
extracted by using various tools in the CFD, the flow around the model in different
computational configurations can be easily studied. The result which the resultant
velocity of vehicle speed and power law crosswind prescribed on the two-inlet-two-outlet
computational domain was considered true enough to represent the road condition, and
used as the baseline result when comparison was needed. After computing the difference
in mass flow rate, there was no strong evidence to conclude which configuration is better
than the other. Having the aligned configuration performing no better or worse than both
outboard and inboard configurations, and with theory that the belt should provide correct
relative movement with respect to the fixed model; we can at least conclude that the belt
(more specifically belt moving direction) should align with the model when crosswind
condition is simulated.
As the results show that having large model yaw angles (10 or 15 degrees) with a
centered belt (aligned with the test section) produced relatively larger differences
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compared to the baseline data, the misalignment between the belt and the model should
be reduced as much as possible.
From the CFD study, we see that a valid computational model for crosswind simulation
has been successfully developed; the axial and transverse velocity profiles in the empty
flow domain (no vehicle model) show good agreement with computed profiles. In
addition, the two-inlet-two-outlet configuration provided the conditions close to free air
due to no side wall constraint, and also alleviated the blockage issue. Therefore, once a
preferred crosswind profile for a given vehicle model and ambient condition is decided,
the twisted flow profile can be easily generated by prescribing the crosswind formula on
two inlets.
Despite the vibration issue, the rolling road system has proved that it has the capability of
providing sufficient ground simulation for either straight driving simulation or crosswind
simulation. The rolling road system showed no slip between the belt, rollers and pulleys
up to the desired speed used in this research, and it could be operated continuously for a
few hours without adjustment, which gives confidence for higher speed testing in the
future.
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9. FUTURE WORK
As indicated from the experimental and CFD results, there was no conclusive evidence
that would rule out one configuration over the others aside from the case of the non
yawed belt. Within the limitations of experimental and computational fidelity, the
changes in each configuration (namely wind speed and belt speed) are not large enough
for experimental and computational simulations to systematically reflect these changes in
the results. From the current work, the belt-and-model-aligned configuration is
recommended as the appropriate method to simulate crosswind in the wind tunnel.
There are some areas in the CFD simulation that could be improved. The computational
domain can be enlarged to make the flow as close to free air conditions as possible. The
computational grid can be made finer in the pre-processing instead of using the mesh
adaption function in the post-processing. This will help the solver capture even smaller
changes in the flow field and provide more accurate results, therefore, the quantifying
process in mass flow rate, or the velocity profile collected and compared at certain points
may show more noticeable differences. Using advanced turbulence models like Large
Eddy Simulation could provide better prediction on drag and lift coefficients. Using an
advanced mesh generator could not only save time, but also improve the flow calculation.
The rolling road system requires more refinement to improve its performance. First o f all,
the vibration issue should be alleviated as much as possible. All the rotational parts, such
as rollers and pulleys, could be balanced; hence the vibration should be reduced. Larger
vibration isolators can be used on four comers of the rolling road system to absorb more
vibration. Currently, there are no bolts or screws used to tie the rolling road system with
the floor or the structure outside the wind tunnel, the system simply rests on the floor due
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to its weight. Therefore, if some sort of damping system can be tied between the rolling
road and outside structure, the vibration could be further reduced.
Second of all, the belt should avoid any contact with the turntable. In order to do that, the
rolling road’s alignment should be checked first to ensure all the rollers are perfectly
parallel to each other; and any play in the rollers and mounts should be removed. Next,
the belt’s quality should be improved. If a coned shape in the belt is inevitable (due to
inaccurate seaming), a wider belt could be "run in" and then trimmed before the
experiment. The belt tensioning should also be adjusted to remove sag and waviness
when the belt is running. Some sort of optical device can be installed at the bottom of the
model, so the belt condition and tracking can be monitored.
The adjustment of the model yaw angle and ground clearance can be designed to have
computer control so that the position could be more accurate and more easily changed
during a run. The yaw mechanism can be further improved so that the play between the
worm gears can be eliminated.
When the model was installed in the wind tunnel, slight flexibility could be felt by
pushing the model; this could result in inaccurate measurement when the wind speed is
high or large yaw angle is used. Further reinforcement in the construction between the
model, yaw mechanism, overhead strut, and linear motion mechanism should be done to
reduce this flexibility.
The shape of the front ramp could be reconstructed to achieve minimum boundary layer
development and flow separation. A suction device could also be used before the belt to
better control the boundary layer on the belt.
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A different vehicle model could be used for the crosswind simulation. The model used in
this research has diffuser underneath which would complicate the flow field in this area
and have influence in the wake; its slanted back (rear windshield) would also generate
trailing vortices which have effect on the drag measurement. A square back model
without diffuser could be a better choice. Some details such as wheel arches and wheels
could be added to achieve more realistic results.
The crosswind profiles used in this research were arbitrarily chosen and the exponent
used in the power law equation was a constant. The power law with constant exponent is
usually used when the road roughness is neglected; but in real world, the wind profile
will vary if the roughness of the surface is different. For accurate simulation, the surface
roughness should be taken into account, and therefore, using logarithmic wind profile
could help yield better results.
As mentioned many times that the wind tunnel conditions should be as close to the road
conditions as possible. In this research, the wind profile (boundary layer profile) was the
main emphasis to approach on-road crosswind conditions. However, there are other
conditions which could largely affect the accuracy of the simulation, such as Reynolds
number and turbulence level. The Reynolds number is difficult to match especially when
a scaled model is used in the wind tunnel test; on the other hand, the turbulence level
(turbulence intensity or turbulence scale) is relatively easier to match with the road
conditions. Therefore, more accurate results can be achieved by producing realistic
turbulent flow with respect to the model size.
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Appendix A: Davis Model
The model dimension is referred from [38], and CAD software, SolidWorks 2009 and
AutoCAD Inventor, were used to generate 3D assembly and drawings.

TRUE R40 )
80
o

-«r

o

X)

[840)

H ill
Fig. 146. Davis model dimension (Unit: mm).

Fig. 147. Davis model in 3D view.

Appendix B: ATI Transducer
This transducer is designed for automatic tool and robotic operations.

Fig. 148. ATI transducer dimension [44],
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4.7.3 Gamma Physical Properties
(Includes IP65 Version)
Stiffness (Calculated)
X-axis and Y-axis force (Kx, Ky)
Z-axis force (Kz)
X-axis and Y-axis torque (Ktx, Kty)
Z-axis torque (Ktz)
Resonance (Measured, non-IP Version)
Fx, Fy, Tz
Fz.Tx.Ty
Resonance (Measured, IP65/68 Version)
Fx, Fy. Tz
Fz, Tx, Ty
Maximum Single-axis Load
Fx,Fy
Fz
Tx, Ty
Tz
Weight (excluding cable)
Transducer with standard aluminum MAP plates
Transducer with ring/plug TAP
Transducer with ring/plug MAP
Transducer with ring/phjg TAP and MAP
IP65

US (English)

S I (M etric)

51E+3 IMfo
92JE+3 fofon
86.E+3 in-foflrad
140.E+3 in-foffctd

8.9E+6N/m
16E±6NAn
9.7E+3Nm/rad
16.E+3 Nm/rad
2.0 kHz
1.4 kHz
1.0 kHz
970 Hz

±230. fof
±730. fof
±610. fof-in
±720. fof-in

±1,000. N
±3,200. N
±69. Nm
±82. Nm

0.56 fo
0.751b
0.81b
0.991b
2.41b

250 g
325 g
375 g
450 g
1.1 kg

Fig. 149. ATI transducer specification.

Overtoad Pin (do not attach to)
(Delta & Theta only)
Mounting Adaptor Plate
(MAP)

Transducer Connector

Tool Adaptor Plate (TAP)

Fig. 150. Schematic diagram of ATI transducer.
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Appendix C: Yaw Mechanism
The yaw mechanism consists of two parts; upper part is connected with the strut, and the
lower part (worm gear) is mounted directly on the force balance, which gives the model
yaw capability with strut staying fixed.

Fig. 151. Yaw mechanism loose Assembly l (CAD).
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Fig. 152. Yaw mechanism Loose Assembly_2 (CAD).
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i-------------------------------------- J--------------------------------------*

------------------------------------- 1______________________ I______________________

Two thrust bearings ii

•Worm gear

Fig. 153. Yaw mechanism Dimension (Unit: inch).

L

Fig. 154. Yaw mechanism

Fig. 155. Yaw mechanism_2.
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Appendix D: Linear Motion Mechanism
The linear motion mechanism consists of four linear bearings inside the housing (block),
which are the main components that make smooth and precise linear motion. The
threaded nut on the top of the housing is the only part that holds the weight of the vehicle
model, strut, and yaw mechanism.

j ____________

i

...........................a_____________ * _____________i _____________ i_____________ l

D
ETA
IL B
SCALE 0 .6

Fig. 156. Linear motion mechanism dimension (Unit: inch).
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DC motor

-Top panel

Linear motion mechanism-

Strut

Yaw mechanism
Force balance

Fig. 157. Linear motion mechanism + strut + yaw mechanism (CAD).
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Fig. 158. Top panel with linear motion mechanism and strut.
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Appendix E: Rolling Road System
The rolling road system sits on an existing floor in the test section by its own weight; and
its yaw angle is manually adjusted by locating four comer legs into specifically designed
holes. The elevated rolling road system is covered by front and rear aluminum panels,
and side panels made by MDF.

CM

Fig. 159. Rolling road system dimension (Unit: inch).

Fig. 160. 45deg bottom view

Fig. 161. 45deg top view (max yaw angle w/ model on)

Fig. 164. Rolling road system_2
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Fig. 165. Rolling road system_3

Appendix F: AC Motor
Model No.: 4THV8
Item

General Purpose Motor

Motor Type

3-Phase

Enclosure

Open Dripproof

HP

2

Nameplate RPM

1740

NEMA/IEC Frame

143TC/145TC

Frame

143TC/145TC

Voltage

208-230/460

Hz

60

P h ase

3

Full Load Am ps

5.8-5.6/2.8

Number o f S p eed s

1

Mounting

Face/Base

Mounting Position

Horizontal

Thermal Protection

None

Insulation C lass

F

Service Factor

1.15

B earings

Ball

Frame Material

Steel

Max. A m bient Temp.

40 Degrees C

Rotation

CW/CCW

Shaft Dia.

7/8"

Shaft Length

2-1/4"

10"

Length L ess Shaft
Overall Length

12-1/4"

RPM Range

1400-1800

S tandards

UL Recognized, CSA Certified, CE

Duty

Continuous

Efficiency G roup

NEMA Premium(R)

Nominal Efficiency

86.5

Inverter Rated

Yes

W arranty (Years)

1

F ootnotes

2,10

G reen Certification o r Other Recognition
G reen Environm ental Attribute

NEMA Premium Rated
Product Contributes To Reducing Energy Consumption

Table 7. AC motor spec [45],

[u ,f. |«V » •
W I'W B 'W .

W M »W - '
\mmi i w » -'
I LMUW;** •
Ip ftM m u p

Fig. 166. Nameplate on the AC motor.
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Appendix G: Variable-Frequency Control
The variable frequency control (or variable frequency drive) is the device varies the
frequency in order to control the motor speed. The model used in this research (Fig. 161)
has been discontinued in CERUS’s product line, but after consulting with their engineers,
the model was told to be able to operate the AC motor seen in Appendix F without any
issues. The number “020” shown in the serial number means the control can operate
motors up to 20HP. The following specification is for CERUS’s newer model, S5. But
can be referred to S4 model.

IffPU T
OUTPUT

m

Fig. 167. Model serial number for variable frequency control.
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460V Class (1 - 30HP)
Model Number
(SV xxx iS5 - 4)
Motor
HP
Rating1
kW
Capacity2 fkVA]
FLA [A]
Output
Frequency
Ratings
Voltage
Input
Voltage
Ratings
Frequency
Braking Circuit
Max. Braking
Dynamic Torque
Braking4 Max. Continuous
Baking Time
Max. Duty
Weight [lbs]

008

015

022

037

055

075

110

150

185

220

1 '
2
3
5
1.5
2.2
3.7
0.75
4.5
1.9
3.0
6.1
4
6
8
2.5
0 - 400 Hz
380 - 460 V 3
3 Phase. 380 - 460 V (± 10 %)
50 - 60 Hz (±5%
On Board
On Board

7.5
5.5
9.1
12

10
7.5
122
16

15
11
18.3
24

20
15
22.9
. .30

25
18.5
29.7
39

30
22
34.3
45

On Board

Optional (Braking Unit, Resistor)

100%

100%

100%

150%

5 seconds

5 seconds

5 seconds

Controlled by Braking Unit

30 (3)% ED
10.4
10.4

30 (2) % ED
10.6
10.8

30% ED
17.0
17.0

30.6

10% ED
31.7
44.1

11ndicates the maximum applicable capacity when using a 4 Pole motor.

2Rated capacity (03*V*1) is based on 22DV for 200V class and 440V tor 400V class.
3 Maximum output voltage will not be greater than the input voltage. Output voltage less than th e input voltage may be programmed.
4 1 -5 HP inverters have iitemai braking resistors a s standard. 7.5~10 HP inverters utilize optional braking resistors.

Fig. 168. Variable frequency control specification !.

44.1
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Control Method
Frequency Setting
Resolution
Frequency Accuracy

V/F Control. Sensortess Vector Contiol (Selectable]
Digital Reference: 0.01 Hz (Below 100 Hz). 0.1 Hz (Ova-100 Hz)
Analog Reference: 0.03 Hz / 60 Hz
Digiat 0.01 % of Max. Output Frequency
g
Analog: 0.1 % of Max. Output Frequency
o
Lriear, Squared Pattern, User V/F
o V/F Ratio
Overload Capacity
150 % of Rated Current tor 1 Min., 200% of Rated Current for 0.5 sec. (Characteristic is
Inversely Proportional to Time)
Torque Boost
Manual Torque Boost (0 -2 0 % ), Auto Torque Boost
Operation Method
Key / Terminal / Communication Operation
Frequency Setting
Analog: 0 - 10V / 4 - 20mA/Additional port for Sub-Board (0 - 10V)
Digital: Keypad
Start Sgnal
Forward, Reverse
TO Multi-Step
Up to 8 Speeds can be Set (Use Multi-Function Terminal)
sz> Multi Step
0
~ 6,000 sec, Up to 4 Types can be Set and Selected for Each Setting (Use Multiv>
Aocel/Dece!
Time
Function
Terminal)
B.
a
Accd/Decel Pattern: linear. U-Curve, S-Curve
z
Emergency Stop
Interrupts the Output of Inverter
o
Jog Operation
Jog
tLU Auto Operation
Operates from Internal Sequence by Setting Mufti-Fundion Terminal (5 Way * 8 Step)
Cl
Fautt Reset
Trip Status is Removed when Protection Function is Active
O
Operating Status
Frequency Detection Level Overload Alarm, Staling, Over Voltage, Under Voltage,
m
Inverter Overheating, Running, Stop, Constant Speed, Inverter By-Pass, Speed
S.
co
Searching, Auto-Operation Step, Auto-Operation Sequence
Contact Output (30A 30C, 30B) - AC250V1A DC30V1A
EL Fautt Output
la Indicator
Choose
1 from Output Frequency. Output Current, Output Voltage, DC Voltage
o
(Output Pulse: 500Hz, Output Voltage: 0 ~ 10V)
Operation Function
DC Braking, Frequency limit, Frequency Jump, Second Function, Slip Compensation,
Reverse Rotation Prevention, Auto Restart, Inverter ByPass, Auto-Tuning, PID Control
Over Voltage, Under Voltage, Over Current, Fuse Open, Ground Fault, Inverter
Inverter Trip
e
.Q
Overheating, Motor Overheating, Output Phase Open,
Overload Protection, External Fault 1,2, Communication Error, Loss of Speed
s
Command, Hardware Fautt, Option Fault etc.
.i
Stall Prevention, Overload Alarm, Temperature Sensor Fault
Inverter Alarm
Momentary Power Loss
Less than 15msec: Continuous Operation,
1
More than 15msec Auto Restart Possible
>
*
Operation
Output
Frequency. Output Current Output Voltage, Frequency Value Setting,
CO
”(O
E
L Keypad Information
Operating Speed, DC Voltage
Q
Trip Information Indicates a Fault when the Protection Function activates. Retains Up to 5 Faults
I
Ambient
Temperature
-10 °C ~40 °C (14 °F ~ 104 °F)
*c-•
(D
-20 °C ~ 65 °C (-4 °F - 149 °F)
E Storage Temperature
90 % RH Max(Non-Condensmg)
Ambient Humkfity
1
Below 1,000m or 3,300ft - Below 5.9m/secs (=0.6g)
iSJ Altitude - Vibration
U
I Application Site
No Corrosive Gas, Combustible Gas, Oil Mist or Dust
Forced Air Cooling
| Cooing Method

Fig. 169. Variable frequency control specification_2.

165

Appendix H: Fluent Setup
There are two analyses used in this research for modeling the flow; one is steady and
another is unsteady. The steady analysis was mainly used to obtain the convergence;
whereas the unsteady analysis carried on the simulation when the steady analysis was
completed. All the constants and setups in both analyses remain default except the
residual criteria and discretization scheme for unsteady analysis.

Steady Analysis

Solver
........

Solver

Formulation

♦ Pressure Based

♦ Implicit

V Density Based

V Explicit

Space

Time
Steady

v ' 2D

V Unsteady

V Axisymmetiic
V Axbymmetric Swirl

♦ 3D
Velocity Formulation
♦ Absolute
v ' Relative
Gradient Option

Porous Formulation

♦ Green-Gauss Ceil Based

♦ Superficial Velocity

v ' Green-Gauss Node Based

v- Physical Velocity

v ' Least Squares Cell Based
OK

Cancel 1

—H£!£_

Fig. 170. Solver setup (steady).
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f°l

Viscous Model

Model________________________

Model Constants
Cb1

V Inviscid

0 .1 3 5 5

V Laminar
♦ Spalart-Allmaras (1 eqn)

Cb2

v" k-epsilon (2 eqn)

0 .6 2 2

V k-omega (2 eqn)

Cvl

V Reynolds S tress (7 eqn)

7 .1

v Detached Eddy Simulation

Cw2

v Large Eddy Simulation (LES)
Spalart-Allmaras Options
User-Defined Functions

♦ Vorticity-Based Production
V Strain/Vorticity-Based Production

OK

Cancel

Turbulent Viscosity
none
Help

Fig. 171. Viscous Model setup (steady).
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fc-isr

Solution Controls

I

•TSs>-

|

I—'

g d[ U nder-Relaxation F acto rs

E quations
Flow

P re ssu re I 0 . 3

Modified T urbulent V i s c o s i

D ensity j l
Body F o rces 1
Momentum 0 .7
Pressure-V elocity Coupling

Discretization

SIMPLE

P re ssu re Standard

V

Momentum F irst O rder Upwind

*1

Modified Turbulent V iscosity F irst O rder Upwind

r|

u
OK

|

Default |

C ancel |

Help

Fig. 172. Solution Controls setup (steady).
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Residual M onitors

Options

m

Storage

Print

Plotting

iterations 1000

J Plot

'A

r
A
r

derations J1000

Normalization
J Normalize

A

Window

r

W Scale

Axes,,, | Curves

Convergence Criterion
absolute
Check
Absolute
Monitor Convergence Criteria

Residual
continuity

0.0001

x-velocity

0.0001

y-velocity

0.0001

z-velocity

0.0001

nut

0 .0 0 0 1
id

OK

|

Piot

|

Renorm |

Cancel |

Fig. 173. Residual Monitors setup (steady).

Help

|
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Unsteady Analysis

r Solver

'

Formulation

Solver
♦ Pressure Based

♦ Implicit

v Density Based

V Explicit

Time

Space
V 20

v Steady

v Asdsymmetric

♦ Unsteady

V Axisymmetric Swirl

Transient Controls

♦ 3D

_j Non-Iterative Time Advancement
Jl

Velocity Formulation

Frozen Flux Formulation

Unsteady Formulation

♦ Absolute

v Explicit

Relative

v - 1st-Order Implicit
♦ 2nd-Order Implicit
Porous Formulation

Gradient Option
♦ Green-Gauss Cell Based
v- Green-Gauss Node Based

Superficial Velocity
V Physical Velocity

v- Least Squares Cell Based
OK

|

Cancel |

Help |

Fig. 174. Solver setup (unsteady).
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Viscous Model

Model

Model C onstants
C2-Epsilon

v ' Inviscid

1 .9

V Laminar
V Spalart-Allmaras (1 eqn)

TKE Prandtl Number

♦ k-epsilon (2 eqn)
v k-omega (2 eqn)

TDR Prandtl Number

v- Reynolds Stress (7 eqn)

1.2

V Detached Eddy Simulation
V Large Eddy Simulation (LES)
k-epsilon Model
i£

v Standard

User-Defined Functions

v" RNG

Turbulent Viscosity

♦ Realizable

r|

none
Prandtl Numbers

Near-Wall Treatment

TKE Prandtl Number

v Standard Wall Functions
v Non-Equilibrium Wall Functions

none

♦ Enhanced Wall Treatment
V User-Defined Wall Functions
Enhanced Wall Treatment Options
_J Pressure Gradient Effects

OK j

Cancel |

Help j

Fig. 175. Viscous Model setup (unsteady).

171

Li

Lwg^l *

Solution Controls

■'■**W W W

U nder-Relaxation F acto rs

E quations
Flow

P re ssu re 0 . 3

Turbulence

D ensity f i
Body Fo rces
Momentum 0 . 7
T urbulent Kinetic E neray T

P ressure-V elocity Coupling

Discretization
SIMPLE

T|

P re ssu re S econd O rder
Momentum S eco n d O rder Upwind
Turbulent Kinetic Energy S eco n d O rder Upwind
T urbulent D issipation Rate S econd O rder Upwind

T
T|
r|
r|

ui
OK

|

Default |

Cancel |

Help

Fig. 176. Solution Controls setup (unsteady).
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! § Residual Monitors

Options
PT Print

Storage

Plotting

Iterations 1000

_J Plot

A
T

iterations 1000

Normalization
_| Normalize

Window

W Scale

Axes,., | C urves.'.|

Convergence Criterion
absolute
Residual

Monitor Convergence Criteria

continuity

0.0001

x-velocity

0.0001

y-velocity

0.0001

z-velocity

0.0001
0 .0 0 0 1

e p silo n

OK

0.0001

Plot

Renorm

Cancel

Fig. 177. Residual Monitors setup (unsteady).

Help
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Adaption Function

Yplus/Ystar Adaption

Options

Wall Zones

W Refine

left wall
rig h t wall

P Coarsen

slan ted fro n t wall

Jii

s lan ted re a r wall

Type

op wall

♦ Yplus
Ystar
M anage-

Min

Max

0
Min Allowed

Max Allowed

Controls...
Mark

Adapt

|

Compute j

^^Close^Jjj

Help

|

Fig. 178. Yplus Adaption setup.

jTjofj

Boundary Adaption

Options
A- Cell Distance
v- Normal Distance
v- Volume Distance
Contours...
Manage...
Controls...

Adapt

Number of Cells
Boundary Zones j g = |
n
o--------------------------iA back_wall
_____________________ Y
1!
Distance Threshold (in)
1
fo
i
|i
domaihjwall
Boundary Volume (m3)
flat_rear_wall
floor_wall
1
front_wall
;■
Growth factor
left_wall
1
pressure_outlet.15 p
Mark

Apply

Close

Fig. 179. Boundary Adaption setup.

Help
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Appendix I: User Defined Function for Power Law Crosswind Profile
The user defined function was written in C language, and used the Power law equation
shown in page 65. Due to fixed vehicle speed and desired sideslip angles (5, 10 and 15
degrees), the magnitude of the crosswind needed to be adjusted (see Table. 2)

5 degree vaw
#include "udf.h"

DEFINE_PROFILE(inlet_z_velocity, thread, position)
{
real z[ND_ND];

/* this will hold the position vector */

real y;
f a c e t f;

begin_f_loop(f, thread)
{
F_CENTROID(z,f,thread);
y = z[i];
F_PROFILE(f, thread, position) = 1.31*pow(y/0.14,0.143);
}
end_f_loop(f, thread)

}
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10 degree yaw
#include "udf.h"

DEFINE_PROFILE(inlet_z_velocity, thread, position)

{
real z[ND_ND];

/* this will hold the position vector */

real y;
f a c e t f;

begin_f_loop(f, thread)
{
F_CENTROID(z,f,thread);
y = z[l];
F_PROFILE(f, thread, position) = 2.64*pow(y/0.14,0.143);
}
end_f_loop(f, thread)
}
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15 decree yaw
#include "udf.h"

DEFINE_PROFILE(inlet_z_velocity, thread, position)
{
real z[ND_ND];

/* this will hold the position vector */

real y;
face_t f;

begin_f_loop(f, thread)
{
F_CENTROID(z,f,thread);
y = z[l];
F_PROFILE(f, thread, position) = 4.02*pow(y/0.14,0.143);
}
end_f_loop(f, thread)
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Appendix J: Axial and Transverse Velocity Profiles
The velocity profiles were collected at three locations (front, mid, rear) underneath the
model on the centerline (see Fig. 94). The axial velocity profile is along the vehicle axial
direction; the transverse velocity is plotted in the vehicle transverse direction (not Z
direction in global coordinate, Fig. 70).
Traditional configuration (refer Table.3 in Chapter 4)
0 0 W T axial Vel

E 20
front
mid
rear

20
velocity (m /s)

Fig. 180. Axial velocity profile (0_0_WT).

0 0 W T transverse Vel

30
25
fro n t
mid
rear

-

0.1

0

-0.05

0.05

velocity (m/s)

Fig. 181. Transverse velocity profile (0_0_WT).
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0 0 LWT axial Vel
35
30

E 20
—❖—front
ob 15
mid
■<

rear

velocity (m /s)

Fig. 182. Axial velocity profile ( 0 0 L W T ) .

0 0 LWT transverse Vel

front
mid
rear

S
-0.15

-

0.1

0.05

-0.05

0.1

0.15

velocity (m /s)

Fig. 183. Transverse velocity profile ( 0 0 L W T ) .
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5 0 W T axial Vel

30

E 20
front
m

15
mid
rear

10

15

velocity (m /s)

Fig. 184. Axial velocity profile (5_0_WT)

5 0 W T transverse Vel

30

E 20
S eriesl
DO 15

□

Series2
Series3

0.5

1.5
velocity (m/s)

Fig. 185. Transverse velocity profile (5_0_WT)

180

5 0 LWT axial Vel

E 20
fro n t
mid
rear

20
velocity (m /s)

Fig. 186. Axial velocity profile (5_0_LWT)

5 0 LWT transverse Vel

E 20
S eriesl
B - Series2
A -S eries3

0.5

1.5
velocity (m /s)

Fig. 187. Transverse velocity profile (5_0_LWT)
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5 10 W T axial Vel

30

E 20 Bf
front
m

15
mid
rear

10

15

20

velocity (m/s)

Fig. 188. Axial velocity profile ( 5 1 0 W T )

5 10 W T transverse Vel

30

fro n t
mid

1-0

-

rear

..5

velocity (m/s)

Fig. 189. Transverse velocity profile (5_10_WT)
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5 10 LWT axial Vel
35
30

e 20
front
ob 15
mid
rear

25
velocity (m/s)

Fig. 190. Axial velocity profile ( 5 1 0 LWT)

5 10 LWT transverse Vel

30

20
front
mid

10...

velocity (m/s)

Fig. 191. Transverse velocity profile (5_10JLWT)

rear
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5 5 W T axial Vel

30

E 20
front
m

15
mid
rear

velocity (m/sO

Fig. 192. Axial velocity profile (5_5_WT)

5 5 W T transverse Vel

30

20
front

JZ
00
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Fig. 193. Transverse velocity profile (5_5_WT)
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5 5 LWT axial Vel

30

fro n t
ob 15
mid
rear

20
velocity (m /s)

Fig. 194. Axial velocity profile (5 5 LWT)
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Fig. 195. Transverse velocity profile (5 5 LWT)
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10 5 W T axial Vel

30

E 20
front
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Fig. 196. Axial velocity profile (10_5_WT)
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Fig. 197. Transverse velocity profile (10 5 WT)
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10 5 LWT axial Vel
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Fig. 198. Axial velocity profile (10_5_LWT)
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Fig. 199. Transverse velocity profile (10_5_LWT)
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Fig. 200. Axial velocity profile (10_15_WT)
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Fig. 201. Transverse velocity profile ( 1 0 1 5 WT)
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10 15 LWT axial Vel
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mid
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velocity (m /s)

Fig. 202. Axial velocity profile ( 1 0 1 5 LWT)
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Fig. 203. Transverse velocity profile (10_15_LWT)
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10 10 W T axial Vel
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mid
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20
velocity (m/s)

Fig. 204. Axial velocity profile ( 1 0 1 0_WT)
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Fig. 205. Transverse velocity profile (10_10_WT)
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Fig. 206. Axial velocity profile ( 1 0 1 0 LWT)
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Fig. 207. Transverse velocity profile (10_10_LWT)
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10 0 LWT axial Vel
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Fig. 208. Axial velocity profile (10 0 LWT)
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Fig. 209. Transverse velocity profile (10_0_LWT)
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Fig. 210. Axial velocity profile (15_10_WT)
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Fig. 211. Transverse velocity profile (15_10_WT)
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Fig. 212. Axial velocity profile ( 1 5 1 0 LWT)
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Fig. 213. Transverse velocity profile (15_10_LWT)
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Fig. 214. Axial velocity profile (15 20 WT)
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Fig. 215. Transverse velocity profile (15 20 WT)
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Fig. 216. Axial velocity profile (15_20_LWT)
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Fig. 217. Transverse velocity profile (15 20 LWT)
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Fig. 218. Axial velocity profile ( 1 5 1 5_WT)
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Fig. 219. Transverse velocity profile (15_15_WT)
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Fig. 220. Axial velocity profile (15_15_LWT)
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Fig. 221. Transverse velocity profile ( 1 5 1 5 LWT)
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Fig. 222. Axial velocity profile (15_0_LWT)
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Fig. 223. Transverse velocity profile (15_0_LWT)
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Correct Configuration (refer Table. 3 In Chapter 41
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Fig. 224. Axial velocity profile (power law_5deg)
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Fig. 225. Transverse velocity profile (power law_5deg)
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Fig. 226. Axial velocity profile (uniform_5deg)
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Fig. 227. Transverse velocity profile (uniform_5deg)
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Fig. 228. Axial velocity profile (power lawlOdeg)
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Fig. 229. Transverse velocity profile (power law lOdeg)
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Fig. 230. Axial velocity profile (uniformlOdeg)
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Fig. 231. Transverse velocity profile (uniform lOdeg)
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Fig. 232. Axial velocity profile (power law_15deg)
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Fig. 233. Transverse velocity profile (power law_5deg)
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Fig. 234. Axial velocity profile (power law_15deg_fixed floor)
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Fig. 235. Transverse velocity profile (power law_15deg_foxed floor)
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Fig. 236. Axial velocity profile (uniform_15deg)
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Fig. 237. Transverse velocity profile (uniform_15deg)
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